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Summary 
In the present work an alternative dyeing method based on in-situ synthesis pigments in 
keratin fibers e.g. wool and hair is illustrated. 
Permanent iron dyes and dyes formed by direct diazotation of wool are developed for 
colouring wool, while quinone based pigments with and without metal are investigated for 
dyeing wool as well as for human hair. In all cases, application parameters as well as the 
process parameter are thoroughly investigated. 
Iron salt with series of benzoic acid is used as a substitute for hazardous chromium containing 
mordant dyes for wool. Since the colour pigments are formed in situ, coloured effluents which 
can eventually lead to toxic waste are not produced. By this method excellent washing and 
light fastness are obtained. This dyeing procedure was accomplished under mild reaction 
condition which further prevented any additional damage to the wool fibres contrary to the 
conventional method used. 
Further quinone based pigments from pure 2,5-dihydroxy-1,4-benzoquinone (DHBQ) are 
developed with and without using metal complexes for dyeing wool and hair. 
It was shown in this work that DHBQ as ligand has the potential to be applied in commercial 
wool dyeing procedures. The results showed excellent washing fastness and good rubbing 
fastness. The synthesis runs under mild condition and therefore no significant damage to the 
wool fibres was observed. 
In situ formation of colour pigments from pure DHBQ has a potential to be developed as a 
novel and environmentally friendly long lasting hair colouration. For dyeing hair with these 
pigments no additional pre-treatment is required to achieve a range of different colours. Mild 
dyeing conditions used in this process prevent mechanical damage to the hair compared to 
bleaching used for traditional hair dyeing. 
Taking the advantage of the existence of amino acids in wool, in situ dye formation by direct 
diazotation using very small quantity of different diazonium salts was investigated. This 
process is shown to be dependent on pH, reagents and reactivity of the diazonium salt. 
Although the molar ratio of the amino acid to the salt was very low, intense colour shades are 
achieved. Summing up, reactive and non-toxic dyes with a variety of shades are developed 
Summary IV 
 
based on the ship-in-the-bottle concept. The developed procedures may easily be used for 
dyeing different fibres.  
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Zusammenfassung 
In der vorliegenden Arbeit wurde eine alternative Methode zum Färben von Keratinfasern auf 
Basis von z. B. Wolle und Haar erarbeitet, die auf der in-situ-Synthese von Pigmenten basiert. 
Permanente eisenhaltige Farbstoffe und die durch direkte Diazotation aus Wolle gebildeten 
Farbstoffe wurden zum Färben von Wolle entwickelt, während Chinon-Pigmente mit und 
ohne Metall zum Färben von Wolle sowie für menschliches Haar untersucht werden. In allen 
Fällen sind Anwendungsparameter sowie die Prozessparameter eingehend untersucht worden. 
Hierbei wurden Eisensalze mit einer Reihe von Benzoesäuren komplexiert, um als Ersatz für 
toxikologisch bedenkliche Chrombeizenfarbstoffe zu dienen. Da die Farbpigmente in-situ 
gebildet werden, werden die farbigen Abwässer nicht erzeugt, die schließlich zu giftigen 
Abfällen führen können. Durch diese Methode erhält man hervorragende Wasch- und 
Lichtechtheiten. Dieses Färbeverfahren wurde unter milden Reaktionsbedingungen 
durchgeführt, die weiterhin die zusätzliche Schädigung der Wollfasern im Gegensatz zu dem 
herkömmlichen verwendeten Verfahren vermindert. 
Desweiteres wurden auf Chinon basierende Pigmente aus reinem 2,5-Dihydroxy-1,4-
benzochinon (DHBQ) mit und ohne Verwendung von Metallkomplexen zum Färben von 
Wolle und Haar entwickelt. 
Es wurde in dieser Arbeit gezeigt, dass die DHBQ als Ligand das Potenzial hat, in den 
kommerziellen Wollfärbungsprozessen angewendet zu werden. Die Ergebnisse zeigten eine 
hervorragende Waschechtheit und gute Reibechtheit. Die Synthese läuft unter milden 
Bedingungen und daher wurde keine signifikante Schädigung an den Wollfasern beobachtet. 
In-situ Bildung von Farbpigmenten aus reinem DHBQ hat Potenzial, als neuartige, 
umweltfreundliche und dauerhafte Haarfärbung entwickelt zu werden. Zum Haarfärben mit 
diesen Pigmenten ist keine zusätzliche Vorbehandlung erforderlich, um verschiedene Farben 
zu erzielen. Milde Färbebedingungen wurden in diesem Verfahren verwendet, die die 
mechanische Schädigung an den Haaren verhindern insbesondere im Vergleich zur Bleiche 
bei der traditionellen Haarfärbung. 
Eine in-situ Farbstoffbildung durch Verwendung sehr kleiner Mengen verschiedener 
Diazoniumsalzen wurde entwickelt, wobei das Vorhandensein von aromatischen, 
elektronenreichen Aminosäuren in der Wolle die direkte Diazotierung erlaubt. Dieses 
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Verfahren zeigt, dass die Reaktionsfähigkeit des Diazoniumsalzes abhängig von dem pH der 
Reagenzien ist. Obwohl das molare Verhältnis der Aminosäure zu dem Salz sehr gering war, 
wurden intensive Farbnuancen erzielt. Zusammenfassend sind reaktive und nicht-toxische 
Farbstoffe mit einer Vielfalt von Farben basierend auf dem Ship-in-the-Bottle-Konzept 
entwickelt. Die entwickelten Verfahren können leicht zum Färben von verschiedenen Fasern 
verwendet werden. 
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1 Introduction 
Wool is a biological composite material,
[1]
 a high quality protein fibre widely used as a high 
quality textile material.
[2] [3] [4]
 Due to its unique natural and physiological properties and its 
proximity to human proteins, wool was the first textile fibre used by mankind for insulation 
and protection since prehistoric times. Nowadays, wool plays still a major role in the 
production of textiles, although it makes only about 1.6% of world textile fibres. The complex 
morphological structure results in outstanding features like durability, insulation, moisture 
absorption and release behavior of the material. 
In ancient times dyed textiles were a symbol of status because these were expensive and 
therefore reserved for the wealthiest; nowadays, the dyeing is still an important process 
because of value addition, fashion statement and appearance of the textile.
[5],[6],[7]
 The dyeing 
of wool was initiated using colours of natural sources, until the synthetic dyes were 
introduced. With the invention of synthetic dyes, the natural colours were pushed aside, the 
main reasons being that synthetic dyes exhibit a wider range of reproducible colours, 
generally with better fastness, at a low or moderate cost. Approximately 70% of the synthetic 
dyes used for wool dyeing are based on metal complexes, which often contain chromium as a 
central atom. They have very good migration properties and excellent wet fastness.
[8]
 
However, some of the dyes, the mordant ones, loose of the importance in recent years because 
of their disadvantages in use, such as long term dyeing, potentially high levels of fibre 
damage and chromium residues.  
Hair colour is part of a personal appearance; the fact is that not everyone is satisfied with 
his/her natural hair colour. Therefore it was not only wool but also hair dyeing which has been 
practised since immemorial time, first with natural dyes, then with synthetic dyes as chemistry 
was developing. 
The Egyptians used henna and indigo as dyestuffs to obtain red to black shades. Later, 
[9],[10]
 
the Romans tried to bleach their hair with chamomile.
[14]
 During the medieval ages a mixture 
of safran, sulphur, alaun and honey was used to bleach hair.
[15]
 In this process, the melanin 
pigments are destroyed, resulting in a brightening of the hair. 
Despite the advantages of natural plant extract with regards to its low toxicology and without 
side effects, there are a number of disadvantages. The limited range of colours and the 
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laborious work for the isolation and application of the natural plant extracts, made the 
innovation of synthetic dyes in the 19th century beneficial for the domain.
[9],[10],[11],[12]
 
Over the last century as women and men increasingly take care of their appearance, the hair 
dyes manufacture has developed into a multinational multibillion dollar industry.
[13]
 
According to the durability of the colour the hair dyes are classified into three major 
categories: temporary, semi-permanent and the permanent dyes. With a market share of 80% 
of the total hair dyes, the permanent dyes are the most important ones. This is the area in need 
of innovation for complementing the established hair dyeing chemistry and developing new 
dyeing methods.
[16]
 Despite of the overall good results achieved by using the oxidative 
permanent dyes, there are some disadvantages due to their toxicological, allergological and 
application aspects.
[17]
 
The thesis deals with developing of an in situ synthesis of pigments in the keratin fibres from 
small precursors based on a toxicologically safe chemistry. The pigments arise as 
agglomerated insoluble structures inside the fibre and stand out in comparison to dyes by 
significantly increased of their fastness properties, particularly washing fastness. 
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1.1 Problem Statement 
Textile manufacturing and particularly wool dyeing are high energy, water and chemical 
consuming processes using environmentally less sustainable methods. The dyeing of wool 
consists of many stages during which hazardous chemicals are used such as chromium or 
cobalt.
[20]
 The increasingly stringent regulation of effluent limits has lead to an increase in 
treatment and disposal costs, thus increasing the pressure on the textile industry.
[21] 
In order to 
increase the diffusion rate, wool is usually dyed at temperature of 100 °C, which leads to 
which leads to a reduction of the mechanical properties of the fibres. The fibres become 
brittle and tend to break during the subsequent manufacturing processes, namely during the 
spinning, which makes it difficult to produce yarn of desirable strength. This reduces the 
quality of the final product and decreases its life time. The problem was noticed more often on 
dark colours and less on light colours.
[22]
 
There is still a need to develop new dyeing methods like to synthesize pigments with good 
fastnesses inside the wool fibres, without the use of environmentally harmful heavy metals 
and working at low temperatures and for short reaction times while achieving a permanent 
and uniform colour. The costs should also be kept low preferably using pre-existing dyeing 
maschines. 
The aim of this study is to develop such a method for the synthesis of pigments with high 
fastness inside the wool that can be performed at low temperatures (<100 °C) and short 
residence times. The final shade should be uniform and possess fastness comparable to those 
of chrome dyes. It is also considered to avoid the use of ecotoxicological hazardous heavy 
metals; consequently non-toxic reagents are used throughout the work. 
The chemical reactions considered for the formation of the colouring matters may be grouped 
into three types, namely: covalent assembly reactions, complexation reactions and oxidation 
reactions, respectively. They cover, practically the entire spectrum of potential chemical 
reactions. A particular advantage during dyeing wool fibres may be gained by working at, or 
near, the isoelectric point of the wool so that, together with the reduced temperature and time, 
the fibre is better protected. 
Permanent hair dyes work by forming strongly coloured molecules in the cortex. A critical 
assessment of oxidative hair dye, however, shows the disadvantages associated with this 
method, namely
[17]
: 
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• Hair damage by the used oxidizing agents. 
• Development of heterogeneous dye mixtures. 
• Many of the usual couplers and developers are suspected to cause allergies or 
sensitization to skin. 
 
In the development of new permanent hair dyes, besides the above toxicological and 
allergological aspects, various application issues should be also considered, e.g.: 
• The hair colouration on the human head should run under physiologically tolerable 
conditions (< 30-40 °C). 
• A short application time (< 40 min) is desired. 
• The number of by-products should be relatively low in order to obtain a good colour 
yield. 
• The molecular size of the dye precursors may not exceed 1.6 nm,[23],[24] in order to 
allow a good penetration into the fibre having an average pore diameter of 1.48 nm 
under physiological conditions.
[25]
 
 
Against this background it is necessary and of worth to develop alternative hair dyeing 
systems. Such a new permanent hair dye should develop in a very short time to form a 
uniform, light-resistant and nature-identical dye under physiological conditions and should 
remain fixed into hair due to its size. 
The concept is verified by a simple model reaction of oxidative formation of melanin-similar 
colour pigments in hair. In this case metal and/or the ligand(s) penetrate into the inner hair 
cavities which form by bleaching, and then are converted into larger molecules (desired 
pigments). The result is a disk-shaped complex, which replaces the previously destroyed 
melanin pigments. This concept is known in literature as the "ship-in-the-bottle" concept. 
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1.2 „Ship-in-the-Bottle“- Concept 
According to the "ship-in-the-bottle" concept, precursors are brought into small cavities and 
then converted into larger molecules, which due to their size larger than those of the necks of 
the cavities can no longer leave them (Figure 1-1). 
 
A classic example following the ship in 
the bottle synthesis is the synthesis of metallophthalocyanine in the super cage of zeolithe-
Y.
[18]
 Initially, a metal salt diffuses into the zeolithe; in the second step phthalonitrile follows. 
The reaction is initiated at 200-300 °C, wherein the zeolite is used as a reaction vessel on the 
nanometer scale. Since the channels of the zeolite-Y are about 6 Å, significantly smaller than 
the supercages (about 12 Å), after the completion of the reaction the complexes are held 
sterically inside zeolite. 
 
Metal + Ligand(s) Zeolith Y 
 
Supercage 
 
 
Figure 1-1: „Ship-in- the- Bottle“-Concept.[26] 
 
Based on this concept, the dye pigments can be formed inside the naturally existent inner 
cavities and in the additional ones built by bleaching. 
At the beginning of this work, an alternative dyeing process based on this concept will be 
specifically developed. It combines the advantages of reactive dyes and chrome dyes while 
being toxicologically safe. The selected chemistry enables a variety of achievable colours and 
structures of the target compounds. This allows producing a new colouring product and the 
 
M 
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appropriate selection of the reaction partners to enable the design of nature-similar or 
analogue pigments with a wide range of colours. 
 
1.3 Content of this Thesis 
This thesis is concerned with the developing of an alternative dyeing method based on the 
ship in the bottle concept for being used on wool and hair as the most important 
representatives of keratin fibres. 
Chapter 2 gives a short introduction about morpological structure and chemical composition 
of keratin fibres. A background of the dyeing process of wool and hair are also given in this 
chapter. 
Chapter 3 presents a systematic study on synthesising permanent iron dyes in wool using the 
ship-in-the-bottle concept. The concept is demonstrated by using iron salts and a series of 
hydroxybenzoic acids as ligands. The effect of changing reaction conditions such as 
temperature, reaction time, concentration, pH-value as well as structural parameters such as 
the number of OH groups within of the ligands on the colours, dyeing properties, and fastness 
are investigated. 
Chapter 4 presents a method of in situ preparation of quinone based pigments in wool, with 
and without metal. The absorption of the pigment in the wool was investigated in relation to 
the achieved colour depths and fastnesses. The application parameters were also optimized 
through the variations of the process parameters such as temperature, reaction time and the 
modification of the reagent in the dyeing process, to set up a sustainable process to produce 
stable and intensive dyes. 
Chapter 5 gives a systematic study of hair dyeing quinone based pigments. This study is the 
extended application of the method of in situ preparation of quinone based pigments in wool 
(chapter 4) to human hair. 
Chapter 6 presents a study of in situ dye formation by direct diazotization of wool.First the 
diazonium salts and the azo dyes of the diazonium salts with Boc-amino acids are isolated and 
characterized. Finally, the wool was dyed with the isolated diazonium salts in order to 
compare the nuances of the isolated azo dyes with those achieved on wool. By using amino 
acid analysis, the amounts of reacted amino acids during the process are determined. 
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2 Morphology, Composition and Dyeing of the Keratin Fibres 
2.1 Morphology of the Keratin Fibres 
Both wool and hair fibres have the same major morphological components, namely: cuticle, 
cortex and medulla. The complex morphological structure of fine wool fibres is shown 
schematically in Figure 2-1. 
 
 
Figure 2-1: Morphological structure of α keratin fibre.[27],[28] 
 
Cuticle 
The cuticle consists of overlapped flat scale cells of about 0.5 µ thickness, surrounding the 
core of the fibre (cortex). In wool, the cuticle layer is of 2-3 scale-cells thick; in hair it reaches 
5 - 6 cells.
[19],[29]
 The cuticle is more resistant to diffusion of reagents and to the attack of 
chemical reagents, such as sodium sulfide, than the cortex
[30],[31]
 It thus acts as a protective 
barrier to the body of the fibre against chemi-cal as well as mechanical degradation. The 
greater resistance of human hair to chemical attack by many reagents is at least partly due to 
the thickness of the cuticular layer. 
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Cortex 
The cortex – the internal cells – is the shaft of the fibre, which is covered by the scale 
structure of the cuticle; it comprises more than 90% of the total weight of keratin fibres. It is 
the most important component of hard alpha-keratin fibres because it is largely responsible for 
their mechanical behavior. The cortex of keratin fibres consists of spindle-shaped cells, 
arranged paralel to the fibre axis. The inner part of the wool fibre is divided into two 
components, paracortex and orthocortex, differing from each other in their cysteine content 
and staining behavior.
[32]
 
In Merino wool fibres, the two components lie side by side, each comprising about half the 
cortex, and are wound around each other in phase with the fibre crimp;
[33],[34]
 in crimpless 
wools the ortho component occupies the core of the fibre, and the para is located around it in 
the form of an annulus.
[35]
 No such differentiation is noted in Caucasian hair fibres; their 
cortex appears homogeneous and it resembles the para component of the wool fibre cortex in 
composition and properties.
[36]
 
The protein within the cortical cells is organized in the form of parallel micro fibrils, 
embedded in a matrix. The microfibrils, which represent the crystalline component of the 
structure, contain little or no sulfur; whereas the matrix is sulfur-rich and amorphous.
[37]
 In the 
para- cortex of wool and in the cortex of hair, the micro fibrils are packed in a hexagonal 
array. In the ortho-cortex of wool or mohair, the microfibrils are arranged in the form of 
whorls or spirals; the contrast between the microfibrils and the matrix, as revealed by staining 
with osmium, is much lower.
[37]
 
Medula 
The innermost morphological component, the medulla, is not invariably present either in wool 
or in hair, though it is more common in hair. In any case, it is believed to make little or no 
contribution to the chemical and mechanical properties of the fibre. 
Melanin 
The natural colour of hair is caused by pigment granules (melanins) which are distributed 
mainly in the cortical cells. Eumelanin is responsible for brown to black colour and 
pheomelanin for yellow to red colour. Disorders in the biosynthesis of melanin (albinism) 
lead to a very pale appearance of the hair.
[38]
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During the growth of hair, the melanin pigments synthesized in the melanocytes are present as 
granules in elliptical shape. They are mainly located between the macrofibrils of the cortex. 
Crucially, for individual hair colour, it is not only the chemical composition of the melanis 
and their ratio that is important, also the number and shape of the melanin granules and their 
exact location in the cortex. 
 
 
Figure 2-2: Chemical synthesis of melanin from tyrosine or DOPA.
[39]
 
 
Figure 2-2 shows the schema of the biosynthesis of melanins.
 
Based on tyrosine, indole 
derivatives are initially formed by enzymatic oxidation, which can react further to eumelanin. 
The incorporation of sulfur containing amino acids, however, leads to the pheomelanins.
[40]
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Figure 2-3: Physical structure of melanin.
[41]
 
 
Five to six indolequinone consisting of five to seven monomers are arranged in a disk-shaped 
oligomer to form a layered system with 4-5 layers stacked 3.4 Å apart. This stack agglomerate 
to the actual melanin granules with a diameter of 46 Å, and a thickness of about 12 Å (Figure 
2-3). 
 
Bleaching 
The aim of bleaching is to break the natural melanin pigments into light or colourless 
compounds while keeping the keratin not altered if possible. 
During oxidative bleaching, the individual layers of melanin are separated and thereby the 
stacks are destroyed (reverse process shown in Figure 2-3). As degradation products, small 
water-soluble degenerated molecules are formed (for example polycarboxylic acids of 
pyrrole), which are washed out. The pigment granules shrink leaving cavities in the hair. 
Morover parts of the interfibrillar matrix of the cortex cells are removed; forming a spongy 
loose structure.
[41],[42]
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2.2 Chemical Composition of the Keratin Fibres 
Keratin fibres like wool and hair consist mainly (90-97%) of protein and of lipids (2%), the 
remainder being made up of nucleic acids, mineral salts and carbohydrates. 
Chemical analysis has shown that the protein of wool or hair consists of around 50.5 wt% 
carbon, 7 wt% hydrogen, 22 wt% oxygen, 16 wt% nitrogen and 6 wt% sulfur. The proteins 
with low sulfur content represent 50-60% and the high sulfur proteins 20-30% of wool fibres. 
The high sulfur percentage is a result of high cystine content. This is a typical feature of hard 
α-keratin fibres and distinguishes them from other protein fibres such collagen and silk. 
Total hydrolysis of the peptide bonds in hair proteins reveals 24 different amino acids and the 
data given in Table 2-1 were obtained by combining results from acid and from the enzymatic 
hydrolyses of the wool, as an example of α-keratin fibre. The amino acids are classified in 
five groups: acidic amino acids, basic amino acids, amino acids with hydroxyl groups, sulfur-
containing amino acids and amino acids with no reactive groups in the side chains.
[3],[40]
 
Like all proteins, hair contains both cationic and anionic groups and is therefore amphoteric. 
The cationic character is due to the protonated side chains of arginine, lysine, histidine and 
free terminal amino groups at the end of the peptide groups. Anionic groups are present as 
dissociated side chains of apartic and glutamic acid and as carboxyl end groups. The amino 
groups of lysine, histidine and the amino end groups, and the thiol groups of cystine are 
important sites for the covalent attachment of reactive dyes and chemical reagents. 
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Table 2-1: Amino acid composition of Merino wool.
[43]
 
Group Name Side chain 
Concentration 
[μmol g-1] 
‘‘Acidic’’ amino acids and their ω-
amides 
Aspartic acid –CH2–COOH 200 
 
Glutamic acid –(CH2)2–COOH 600 
 
Asparagine –CH2–CONH2 360 
    
 
Glutamine –(CH2)2–CONH2 450 
‘‘Basic’’ amino acids Arginine 
–(CH2)3–NH–C(NH2)–
NH 
600 
 
Lysine –(CH2)4–NH2 250 
 
Histidine 
 
80 
 
Tryptophan 
 
40 
    
Amino acids with hydroxyl groups 
in the side chain 
Serine –CH2–OH 900 
 
Threonine –CH(CH2)–OH 570 
 
Tyrosine –CH2–C6H4–OH 350 
    
Sulfur-containing amino acids Cysteine –CH2–SH 10 
 
Thiocysteine –CH2–S–SH 5 
 
Cysteic acid –CH2–SO3H 10 
 
Cystine –CH2–S–S–CH2– 460 
 
Lanthionine –CH2–S–CH2– 5 
Methionine –(CH2)2–S–CH3 Methionine –(CH2)2–S–CH3 50 
    
Amino acids without reactive groups Glycine –H 760 
 
Alanine –CH3 470 
 
Valine –CH(CH3)2 490 
 
Proline 
 
520 
    
 
Leucin –CH2–CH(CH2)2 680 
 
Isoleucine –CH(CH2)–CH2–CH3 270 
 
Phenylalanine –CH2–C6H5 260 
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The side groups, which account for about 50 wt% of the protein molecular mass, interact with 
each other to form several different kinds of non-covalent and covalent bonds or interactions, 
which stabilize the peptide by forming links between the chains and rings within a chain, as 
demonstrated by the following schematic representation of covalent and non-covalent 
interactions between segments of two peptide chains (Figure 2-4).
[32]
 
 
 
 
Figure 2-4: Schematic representation of covalent and non-covalent interactions between segments 
of two peptide chains.
[32]
 
 
Figure 2-4 shows from the π-π interaction between phenyl rings (hydrophobic effect),[44] 
hydrogen bond between a glutamine residue and a serine residue, a salt bridge between an 
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arginine residue and a glutamic acid residue, a disulfide bridge between two cystine residues, 
and an isodipeptide bridge between a glutamic acid and a lysine residue. 
The disulfide bonds play an important part in establishing the hair fibre, leading, in particular, 
to its relatively high wet strength, insolubility and thermal stability. Cystine residues provide 
stability of the hair as long as it is not exposed to reducing, oxidising and hydrolytic agents or 
to the weathering. A second covalent bridge is provided by the isopeptide cross-links 
(especially Nε-(γ-glutamyl) lysine), which provide an additional stabilizing effect in the 
resistant cell membranes and cuticle. The non-covalent bonds consist of three main groups: 
hydrogen bonds, ionic bonds (or salt bridges) and the hydrophobic effect. The hydrogen 
bonds can be formed between –CO and –NH groups in the peptide chains and the amino and 
carboxyl groups in the side chains, or between suitable donor and acceptor groups in the 
amino acid side chains, especially in the helical rod domain of the keratin intermediate 
filaments. Due to the electrostatic interaction between cationic and anionic side chain groups, 
the ionic bonds/salt bridges are responsible for the amphoteric nature of the fibre and its 
ability to coordinate with acids and bases. The hydrophobic effect is formed by the approach 
of two non polar side groups, with the resultant exclusion of associated water. This bonding 
contributes to the mechanical strength of keratin, particularly at high moisture content.
[3],[45]
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2.3 Dyeing of the Keratin Fibres 
2.3.1 Physico-Chemical and Chemical Bases of Wool Dyeing 
Vickerstaff divides the dyeing process into three steps:
[46]
 
i. The diffusion of the dye molecules through the aqueous dyebath to the fibre surface 
ii. The adsorption of dye molecules on the fibre surface 
iii. The diffusion of the dye inside the fibre from the surface towards the centre 
The second step, the adsorption process, is generally much more rapid than the diffusion 
steps.The last step is the slowest, i.e. the rate-determining.
[46] 
For this reason the diffusion of 
the dyes within fibres is usually regarded as the prime factor in determining kinetic behavior. 
The steps i) and ii) depend very much on the dyeing conditions and are usually described 
phenomenologically. Moderately to slightly soluble dyes exist as agglomerates in solution. 
Due to their size and colloidal stability, these aggregates diffuse slowly through the solution. 
Furthermore, the agglomerates are too large to penetrate into the wool. Therefore, first it 
should take place a process of dissociation of aggregates to monomeric dye molecules. These 
can adsorb on the surface of wool and penetrate into the wool. To increase the rate of 
diffusion within the fibre and to reduce the dyeing time, the wool dyeing is usually carried out 
at the boiling temperature of water.
[47],[48]
 The last step, process iii), is driven by concentration 
gradient and obeys the Fick's equation (J = −D−𝛻𝑐), i.e the flow of matter J is linearly 
related to the concentration gradient 𝛻𝑐, by the diffusion coefficient D. 
The thermodynamic force behind the dyeing process is the affinity of dye to wool fibre. The 
diffused dye molecules react with sites inside the fibre leading to final fixation of dye. There 
are four types of interaction between the dye and fibres which are considered, namely: 
electrostatic, van der Waals, hydrophobic interactions and hydrogen bonding.
[49] 
The final 
result is determined by both the molecular size and the number and type of interactions with 
the active sites. In general, small molecules, with low affinity for wool, possess high diffusion 
rates resulting in very uniform colours, but low interaction with sites lead to poor fastnesses. 
On the other hand, large molecules with high affinity for wool have good fastness but due to 
low rate of diffusion they tend to produce ring dyeing (Figure 2-5). 
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Figure 2-5: Relationship between migration and fastness properties for different dye classes.
[50] 
 
The above considerations apply only to molecularly dispersed and dissolved substances. 
Generallyone must differentiate the dyes and pigments as colouring agents. According to DIN 
55943, a dye is the colouring substance which is soluble in the application medium; a pigment 
is insoluble in the application medium. Besides the chemical structure, therefore, the solid 
state properties such as crystal structure, crystal modification, and in particular particle size 
and particle size distribution affect the colouring properties of the pigments. Commercial 
pigments often have particle sizes of about 1/10 the diameter of the wool and cannot be 
diffused inside the fibre. Thus in practice, the colouring process uses the dyes; the pigments 
are mainly used for printing. 
 
2.3.2 Wool Dyeing 
Wool is dyed almost without exception from acidic aqueous liquors. Water is used as a 
medium for colour and energy transport, playing a central role in the mechanisms of diffusion 
and absorption.
[51],[52]
 
Since raw wool contains up to 70% of impurities such as wool grease, sand and vegetable 
matters, before the dyeing process there are several pretreatment steps such as washing, 
carbonization and bleaching that are performed.The actual/real dyeing may be applied to 
loose fibres, tops, yarn, or fabric. The dyes, which are suitable for the dyeing of wool, can be 
divided into five classes enumerated below.
[53]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fastness 
 
Level 
dyeing 
acid 
1:1 premet 
Fast 
acid 
Sandolan 
MF 
Chrome 
Milling 
Super 
milling + 
1:2 
premet 
Reactive 
Migration 
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Acid Dyes 
Acid dyes form a class of soluble and non-metallized dyes, which are applied in liquors from 
very acidic to almost neutral pH and include a plurality of chromophores. The most common 
agents are azo and anthraquinone dyes. The acid dyes carry additional sulfonate or 
carboxylate groups to improve the water solubility. The acid dyes give brilliant shades, good 
coverage of the fibre, but show a poor to moderate fastness to wet treatments and a moderate 
to good fastness to light, particularly for yellow, orange, red, brown and black shades.
[50]
 
 
Reactive Dyes  
Reactive dyes are water-soluble dyes with additional reactive groups. Through the reactive 
groups, they can bind covalently side groups of amino acids of the wool proteins (eg -amino 
group of lysine).
[47]
 
Due to the reactivity, hydrolysis resistance of the functional group and the formed bond as 
well as the manufacture, two types of reactions have prevailed, namely nucleophilic 
substitution of halogenated pyrimidines and triazines and Michael addition to vinyl sulfone 
and -bromacrylate. In order to improve the exhaustion behavior and the dyeing levelness 
usually aids are required which form dye complexes and slow down the diffusion. These 
decompose at temperature rising allowing the dye to diffuse into the fiber. The reactive dyes 
give high degrees of fixation and excellent wet fastness properties. 
 
 
Metall Complex Dyes 
 
Metal complex dyes are chromium (III)- or cobalt (II)-transition metal complex compounds. 
The most used dyed ligands are usually acid dyes, which have a donor group (-OH,-NH2) in 
the ortho position to the azo group. This donor group can form a chelate, with the 
participation of the electrons of the azo group.
[8]
 The colours produced in wool are often 
duller compared to acid dyes but generally show a good light and wash fastness even in dark 
shades. 
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A) 
 
B) 
 
Figure 2-6: Structure of 1:1 metal complex dyes CI Acid Green 12 (A) and 1:2 metal complex 
dyes CI Acid Violet 78 (B). 
 
a. 1:1 Metal Complex Dyes 
For the 1:1 metal complex dyes, only one chelating chromophoric ligand is attached to the 
central metal ion, while the remaining free coordination sites of the metal ion are saturated for 
example, by water molecules (Figure 2-6). The binding to the wool proteins is achieved by a 
coordinate bond of the metal ion to the carboxyl groups of wool.
[54]
 
 
b. 1:2 Metal Complex Dyes 
In this dye class, the coordination sites of the central metal ion are saturated by two ligands 
(Figure 2-6B). There is a distinction between sulphonic acid free groups, mono- and 
disulfonated 1:2 metal-complex dyes from point of view of diffusion rate. The binding of 
these dyes to wool is achieved via mainly van der Waals forces.
[55]
 
 
Chrome Dyes 
Chrome dyes are acid dyes that contain groups capable of forming complexes on reaction 
with a metal salt, usually sodium or potassium dichromate. 
Chromium is now the metal of choice for the commercial dyeing of wool and it has been so 
since the middle of the 20
th
 century. It is for this reason that mordant dyes for wool are now 
invariably named `chrome dyes´. The reason for this dominant position is the overall excellent 
wet and light fastness properties of dyeings. Although other metals may also provide good 
fastness with a few dyes, none succeedes to provide as good performance as chromium across 
the range of mordant dyes. 
O Cr
N N
NH
SO3Na
O2N
H2O
OH2
OH2
N N
H3CO2S
O O
Cr
NN
SO2CH3
OO
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Reaction between the dye molecule and chromium salt can be carried out before, during or 
after application of the dye to the wool. Chrome dyes are relatively cheap, have good 
migration and produce a level dyeing with particularly excellent wet fastness properties. 
Despite these, the chrome dyes have some drawbacks such as the long dyeing cycle lead to 
fibre damages, the obtained shades are generally dull and are limited mainly to black, 
bordeaux, olive and brown. Moreover, the heavy-metal-containing wastewaters need intensive 
work for the treatment and disposal. 
Approximately 30% of the dyes used for wool are still the chrome dyes.
[8]
 They are 
characterized by high fastness performance and by their low prices. 
In view of industrial hygiene perspective, more stringent requirements are expected in the 
future: the use of heavy-metal containing dyes is increasingly questioned in respect to 
ecotoxicological concerns, 
[56],[57],[58] 
and the use of after chrom dyes will be reduced 
substantially. 
The optimization of existing heavy-metal free systems (Reactive Dyes) met difficulties in 
producing dark shades - e.g. black, for which they have relative poor fastness compared to 
metal complex dyes and require high amount of dyes (8-9% oww).
[59]
 The new developments 
such as Lanasol Black 7530/31 and Lanaset dye system (Huntsman) allow obtaining the high 
wet fastness and compare in all respects with chrome dye even in dark shades.
[60],[61]
 Their 
cost is higher than those of the chrome dyes, but the increasing cost of effluent treatment for 
meeting the ecological requirements makes them already competitive. 
All previous concepts are based on soluble dyes and the fastness is achieved by chemically 
binding the dye to the wool. None of the concepts pursued the goal of this thesis, namely the 
in situ synthesis of pigments, ie of an agglomerated insoluble structure formed in the wool 
and possessing thus an improved fastness. In contrast, a similar approach has been used 
successfully on human hair (see Renature ® of Henkel AG). 
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2.3.3 Dyeing of Hair 
The hair colouring products of the market can be divided into the following three categories 
according to their long lasting and their location in the hair:
[11],[62],[63],[64],[65]
 temporary dyes, 
semi-permanent dyes and permanent dyes. 
 
Temporary Dyes 
Due to their relatively large molecular shape, the temporary dyes are deposited onto cuticle. 
They have a low affinity to keratin of the hair and are therefore easily washed off with 
shampoo. Frequently used temporary dyes are triphenylmethanes (eg: 1, blue) or azo dyes (2, 
red) and anthraquinones (eg 3, purple)
[11] 
 (Figure 2-7). 
 
        
   1        2           3 
Figure 2-7: Chemical Structure of triphenylmethanes (eg: 1, blue), azo dyes (eg 2, red) and 
anthraquinones (eg 3, purple). 
 
  
Morphology, Composition and Dyeing of the Keratin Fibres 33 
 
Semi-Permanent Dyes 
These dyes penetrate into the cortex of the hair and give the hair a more consistent/ permanent 
colouring which can be taken out only after five to six washes. In addition to anthraquinone 
(4), typical dyes for semi-permanent hair colouring are primarily nitro dyes (5).
[64]
 Cationic 
azo dyes are also often used
[66] [67]
 (Figure 2-8). 
 
 
        4     5 
 
Figure 2-8: Chemical structure of anthraquinone (4) and primarily nitro dyes (5). 
 
Temporary and semi-permanent dyes are called "direct dyes". Their penetration depth is 
mainly determined by the size and shape of the dye molecule.
[68]
 
 
Permanent Dyes 
These dyes are very resistant to shampooing, exposure to light and other hair care treatments 
and must be reapplied only due to the natural hair growth. The dyes form through chemical 
reactions in the cortex and cover uniformly the entire cross section of hair.
[9],[11],[14],[69]
 
Permanent dyeing systems are generally made of several components: an oxidizing agent, 
usually H2O2, which starts destroying the melanin pigments and prepares the hair cortex for 
the colour forming reaction. The colour is produced by reaction of the oxidative alkali 
(developer) with the coupler. The oxidative alkalies are o-and p-substituted aromatic systems. 
Suitable substituents are usually amino or hydroxyl groups, which allow the formation of 
strongly coloured quinoid products. 
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The couplers are different from the developers; they are also donor substituted aromatics, but 
they are meta-substituted. The mechanism of dye formation is generally carried out in two 
separate reactions. The example given below, shows p-phenylenediamine as developer and m-
phenylenediamine as coupler (Figure 2-9). 
 
 
 
Figure 2-9: Mechanism of dye formation in oxidation hair dyes as examples p- and m-
phenylenediamine. 
 
According to studies by Corbett,
[70]
 p-phenylenediamine is oxidized with hydrogen peroxide 
as an oxidant in the first partial reaction to benzochinondiimin, which reacts with its 
protonated form 6 in equilibrium. The nucleophile attacks the diimine, in this case, m-
phenylenediamine. The intermediately developing triaminodiphenylamin 7 is ultimately 
oxidized to blue-violet Indamin dye 8. If the developer substance exists in excess, further 
reaction takes place to polymeric products. 
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The scheme presented here is a small part of the case of an application running complex and 
competing reactions from developers and couplers and is intended only to illustrate the 
underlying principle of the dyeing process. A complete overview of all known reactions and 
side reactions can be found in the literature.
[71]
 
Besides the already mentioned hair colours, the segment of the permanent hair colouring 
based on the so-called melanin precursors was explored more in recent years
[72]
 as technology 
based on the simulation of natural hair pigmentation. The challenge to ideally duplicate the 
melanin formation in the hair fibre predictably drew attention. Besides the ability to produce 
colour on hair with natural appreance, the ability to designate a product as “natural” and thus 
presumably nonmutagenic, nontoxic, and nonallergic, would provide a very attractive 
possibility. 
The melanin precursors are low molecular weight compounds, which are chemically 
synthesizable. They display the structural variants of the melanin blocks and they are 
therefore possible, to be developed as similar hair pigments and should also not be toxic. As a 
significant advantage is the absence of H2O2 and thus the preventing of the hair-damaging 
side effects. 
Permanent hair colour without an addition of oxidant was introduced by Henkel-Schwarzkopf 
in August 1998
[17],[73]
 under the name of Poly RE-NATURE
®
. This product is the first one 
which allows resynthesizing intermediates of the natural melanin. After penetration into the 
cortex, this is oxidized by atmospheric oxygen to nature identical eumelanine, which is 
responsible for brown to black hair tones. This way it was promoted a mild method for dyeing 
of untreated or graying blond to medium brown hair. For the bright blond and red hair colours 
natural pheomelanine is mostly responsible, for which similar form is not available. 
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3 In-fibre Preparation of Iron Pigments in Wool 
3.1 Introduction 
The use of mordants such as polyvalent metal ions for pre-treating textiles in order to improve 
the colour fastness, intensify the shade or obtaining particular shades by dyeing has been 
practised since early times.
[50],[74]
 The term mordant is now applied to any substance of natural 
or synthetic origin used to fix the dye.
[75]
 The dye molecules serve as ligands for metallic 
mordants to form complexes inside the fibre. Today, mordant dyes are mostly applied on 
wool, providing deep shades of particularly excellent wet and light fastness, unrivalled by 
other wool dyes. However, the use of mordant dyes has declined in recent years due to the 
toxicity of the heavy metals used, in particular chromium (VI).
[50],[74]
 
Dye producers as well as the dyers are suffering from increasing costs for raw materials and 
energy, under an increasing pressure to minimise environmental damages caused by the 
production and application of dyes as well as by the effluents. Both issues have sparked a 
growing interest in the revival of natural dyes for textiles.
[76]
 
In this respect, the reconstruction of old dyeing-techniques, the optimisation of application 
procedures in line with the new technological possibilities and environmental requirements, 
and the formulation of standard protocols for dyeing with natural colourants are recent 
developments.
[76] 
Extracts of cochineal, madder, alkanna, henna, indigo, and logwood serve as 
sources for dyeing which can be carried out directly and after mordanting the textile. A 
variety of salts, such as alum, potassium dichromate, copper sulfate, zinc chloride, iron (III) 
chloride, iron (II) sulfate, and tin chloride, are tested in order to meet the requirements in 
terms of shade, fastness and ecological behaviour.
[76]
 
The application of mordant dyes as well as complexing natural dyes with mordants usually 
takes place at temperatures of approx. 80 – 100 °C in order to ensure a good migration.[74],[76] 
However, the high temperature can lead to a reduction of the mechanical properties of wool, 
which causes an increase in the number of breaks during spinning and thus decreasing the 
productivity.
[50]
 In addition to that, the low exhaustion of strongly coloured natural extracts 
such as of henna or of alkannin give rise to coloured effluents which have to be further 
reprocessed, raising again the production costs. 
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In search for an environmentally friendly substitute for chromium-containing mordant dyes, 
iron might be an excellent replacement due to its rich coordination chemistry and ecological 
compatibility. The combination of iron salts with tannins has been employed in a variety of 
applications over many centuries, such as the use of tannic acid and iron sulfate in the 
preparation of iron gall inks.
[77]
 Similar systems have recently been applied for dyeing wool 
and produced a superior fastness.
[74]
 
Herein a systematic study on synthesizing permanent iron-complexed dyes in wool using the 
ship-in-the-bottle concept is presented. This approach sees pigments assembled inside the 
wool fibre by successive infiltration of the fibres with small, water-soluble molecules that can 
react with each other to form larger structures, which are no longer leachable from the fibre. 
The concept is demonstrated by using iron salts and a series of hydroxybenzoic acids as 
ligands. In contrast to conventional mordant dyeing, these ligands are colourless and the 
pigment colour evolves from the transfer interactions between metal and ligand. 
Consequently, no coloured effluents are produced with this dyeing procedure. The effect on 
the colour, dyeing properties, and fastness of changing reaction conditions, namely the 
temperature, reaction time, concentration and pH, as well as structural parameters such as the 
number of OH groups of the ligands, are investigated. 
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3.2 Experimental 
3.2.1 Materials 
Raw Australian wool tops (fibre diameter 23 µm) were kindly provided by Bremer Woll-
Kämmerei AG and wool plain fabric (128 g/m
2
) was acquired from testex PRÜFTEXTILIEN, 
and they were used as obtained. Ammonium iron(II) sulfate and iron(III) chloride hexahydrate 
were acquired from Merck KGaA, sodium acetate, 4-hydroxybenzoic acid, and 3,4-
dihydroxybenzoic acid from Sigma Aldrich, and gallic acid was obtained from Alfa Aesar. 
 
3.2.2 Methods 
Ship-in-the-Bottle Synthesis in Wool 
The ship-in-the-bottle synthesis of iron-based pigments was carried out in an Ahiba 
Turbomat 1000 dyeing machine using sealed, 300 mL stainless steel dye pots. Prior to the 
reaction, 0.1 M aqueous solutions of (NH4)2Fe(SO4)2 or FeCl3 (reagent 1) and the desired 
hydroxybenzoic acid (reagent 2) were prepared independently. The synthesis is a two-step 
procedure (Figure 3-1). For that, 10 g of wool were submerged in 300 mL of one reagent 
solution (either reagent 1 or 2) at room temperature, heated up to a given temperature T at a 
rate of 2 °C min
−1
 and kept at that temperature for a given time t. Standard conditions are 
T = 60 °C, t = 60 min unless stated otherwise. After cooling, the wool was washed three times 
with 300 mL of water and then dried. Following that, the wool was submerged in 300 mL of 
the second reagent and subject to the same reaction conditions as before (T, t). After dyeing, 
the wool was rinsed thoroughly with tap water and allowed to dry in air. 
 
Figure 3-1: Time-temperature profile for the ship-in-the-bottle synthesis of iron pigments in wool.  
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Tensile Strength Test 
The bundle strength of the wool samples was measured on a ZWICK 1425, according to 
IWTO-32-82 at 20 ± 2 °C and 65 ± 3% relative humidity.
[78]
 A bundle of several hundred 
parallel fibres, cut to equal length, were drawn from a representative sample, inserted in the 
machine clamps with a uniform pre-tension, just enough to remove any crimp, and then 
stressed until broken. After breaking, the fibres were cut into uniform lengths and weighed. 
The tenacity was calculated from the ratio of breaking force to the linear density of the 
bundle. Experimental tests showed that the coefficient of variation of tenacity never exceeded 
3%, the variation obtained by 10 tests. 
 
Fastness Testing 
The fastness to washing, light, and rubbing (wet and dry) were determined according to DIN 
EN ISO 105-CO6 (40_C), ISO BO2:1994 method 3, and DIN 54021, respectively. 
[79],[80],[81] 
 
Colour Measurement 
The colour of the dyed wool and the colour differences (∆E) were measured using a 
Datacolour Spectroflash 3850 according to the CIELAB system. Untreated wool was used as 
a reference. Each sample was measured at five different points. The averages were determined 
automatically by the DATA COLOUR system. 
 
Microscopy 
To assess the location of the formed iron pigments in the wool, fibre cross-sections were 
examined with an LEITZ Aristoplan optical light microscope and a Tecnai F20 (FEI, Oregon, 
USA) transmission electron microscope. To prepare the samples for light microscopy, 
individual fibres were glued onto a strand using a solution of ethyl cellulose in a 1:1 mixture 
of methyl acetate and ethyl acetate. After hardening, the strands were fixed in a mechanical 
microtome and cut into 20 µm thick slices using razor blades. To prepare the samples for 
transmission electron microscopy (TEM), approx. 5 single fibres were fixed in parallel in 
small capsules which were filled with an acrylate resin. The resin was cured at 45 °C for 24 h. 
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The resulting blocks containing the fibres were cut perpendicularly to the long fibre axis into 
50–100 nm thick slices using a Reichert Ultracut ultra microtome. The slices were left  
floating on water and fished and then placed onto 200 mesh copper grids coated with 
Formvar
®
 and carbon. 
 
3.3 Results and Discussion 
The set of hydroxybenzoic acids under investigation included 4-hydroxybenzoic acid (1a), 
3,4-dihydroxybenzoic acid (1b) and gallic acid (1c). They were chosen because it allowed the 
study of the effects of number of phenolic OH groups, the electronic nature of the ligand on 
the colour, and on the formation of iron pigments. In addition, the compounds are naturally 
occurring and of low toxicity. The chemical structures of the three hydroxybenzoic acids are 
shown in Figure 3-2. 
 
 
Figure 3-2: Chemical structure of the derivatives of hydroxybenzoic acid. 
 
In order to evaluate the potential colours that can be expected by treating wool with a 
combination of the hydroxybenzoic acids 1a–c and Fe2+ (2a) or Fe3+ (2b), the compounds 
were first mixed in solution. The resulting colours are summarised in Table 3-1. All 
complexes showed very good solubility in water. However, while the colour of the solutions 
containing Fe
3+
 remained unchanged over time, the colour of all solutions containing Fe
2+
 
became darker within minutes due to the oxidation of Fe
2+
 to Fe
3+
. 
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Table 3-1: Colours obtained by combining solutions of Fe
2+
/Fe
3+
 (2a/2b) and the 
hydroxybenzic acids (1a-c). 
  2a
a
 2b 
1a colourless → yellow dark brown 
1b light green → dark green black green 
1c light blue → dark blue black 
a
 The arrow indicates the colour change upon standing in air for several minutes. 
 
Pigment synthesis according to the ship in the bottle concept is a two-step process, by which 
large molecules are assembled inside a confined space and are trapped inside by either steric 
constraint, secondary interactions with the walls, or insolubility. In the present case, the ship-
in-the-bottle synthesis was applied to wool dyeing by consecutive exposure to first an aqueous 
solution of either Fe
2+
 or Fe
3+
 followed by a solution of one of the hydroxybenzoic acids 
(version A) or vice versa (version B). The colours obtained are summarized in Figure 3-3 and 
Table 3-2. 
 
 
Figure 3-3: Colour shades of wool fibres dyed according to the ship in the bottle concept using a 
combination of 2a, b and 1a–1c at t = 30 min and T = 60 °C. 
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Table 3-2: Colours obtained by dyeing wool according to the ship-in-the-bottle concept.
a 
  2a 2b 
  Version A Version B Version A Version B 
1a beige yellow gold yellow light yellow 
1b violet dark grey olive green dark violet 
1c violet dark grey brown dark violet 
a
 Version A: First reagent is the solution of an iron salt, second reagent is the solution 
of a hydroxybenzoic acid; version B: vice versa. 
 
The combination of two iron salts with three hydroxybenzoic acids using two opposite 
reaction sequences (version A or B) results in 6 different wool colours. In general, the colours 
obtained in wool differ from those observed by mixing the compounds in solution with the 
shades appearing lighter. In addition, changing the reaction sequence from version A (iron 
first) to version B (iron last) caused a significant change of colour shade of the dyed samples 
except for the combination of 1a/2a (gold yellow) which turned out to be more intense in 
version A. The reason for these differences to what is observed in solution might be the 
change in the coordination sphere of iron. In aqueous solution, iron ions and hydroxybenzoic 
acids form binary 1:1 and 1:2 complexes with the remaining coordination sites being occupied 
by water.
[82]
 In wool at least one of the free sites is likely to be occupied by an amino acid. 
Control experiments using histidine as additive in solution indicated a slight change in the 
colour appearance, although the change was difficult to detect due to the intense original 
colour.  
The combinations 1a/2a and 1b/2a were not included in the following investigations since it 
was observed that these colours leached easily from the fibres during their preparation and 
handling. 
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pH Influence 
In order to avoid any potential damage to the wool structure as a result of the acidic 
conditions (original pH of the hydroxylbenzoic acid solutions is 2), the pH of the solutions 
(reagent 2) was raised from 2 to 5 by adding sodium acetate. In general, running the two-step 
dyeing procedure (version A) at pH 5 gave rise to lighter colours (Figure 3-4). For the naked 
eye, this was most obvious for the combination of 1c/2b, but the reduction in colour intensity 
can easily be detected with the Data Colour system by comparing the ∆E values (Figure 3-5). 
 
 
Figure 3-4: Comparison of the dyeing experiments at pH 2 and pH 5 under 60 °C for 60 min, 
version A. 
 
Since ∆E is the magnitude of the vector defining the colour and the colour intensity of each 
sample in the CIELAB colour space, the individual values of ∆E in Figure 3-5 are of little 
interest. Rather, the differences, ∆E between pH 2 and pH 5 for the samples containing Fe3+ 
(2b) show a clear trend in that the difference increases with increasing number of OH groups 
at the aromatic ring (1a → 1c) and also in the series 1a, b, c, the pKS values decreased in the 
order 4.54, 4.48 and 3.13.
[83]
 From these and the given pH value, the degree of dissociation α 
calculated at pH 2 is: 0.29% (1a), 0.33% (1b), and 6.9% (1c), respectively, while at pH 5 α is 
of 75% (1a), 77% (1b), and 99% (1c). 
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Figure 3-5: The corresponding data colour analysis of the dyeing experiments at pH 2 and pH 5; 
under 60 °C for 60 min, version A. 
 
The observed effect can be accounted by two explanations: i) due to the larger degree of 
dissociation most of the complexes carry negative charges, which renders them more water 
soluble thus less of the complexes remain inside the fibres during the synthesis; ii) since 
COOH is a –M, −I substituent but the carboxylate anion COO− a +I, charge transfer complex 
between the metal centre and the ligand might be altered in such a way that the extinction 
coefficient is reduced, resulting in a decrease of the colour intensity. Although the first 
explanation is more likely, the second explanation cannot be completely ruled out. 
 
Influence of the Reaction Time and Temperature 
The reaction time and temperature for both versions were found to have little influence on the 
colour shades and intensities. In general, a slight increase in ∆E values was observed when the 
time increased from 30 to 60 min or the temperature was raised from 60 °C to 90 °C, even 
though the changes were too small to be noticed with the naked eye in most cases. Visible 
intensity differences were only observed for the combination of 1a/2b at increased reaction 
time and for the combination of 1c/2b at increased reaction temperature. 
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Fibre Cross Sections 
Optical microscopy on the cross sections indicates that the pigment formation was confined to 
the cuticle (Figure 3-6). 
 
 
Figure 3-6: Cross section of dyed wool of 1c/2b with version A (A) and version B (B) at 60 °C for 
60 min. 
 
 
 
Figure 3-7: TEM analysis of a wool fibre dyed with 1a/2b (version B); Dark-field TEM image 
(200 nm) showing the iron complexes located in the regions of cuticle (A) and B) 
TEM- dark field images (50 nm) showing the iron complexes is crystalline; C) EDX – 
images of a small part of the iron complexes. 
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The TEM images of the dyed wool support the results of the optical microscopy. Due to the 
large electron shell, the iron nuclei scattered the electron beam stronger than carbon nuclei so 
that iron rich areas appeared white in the dark field images of Figure 3-7A and Figure 3-7B, 
while energy-dispersive X-ray spectroscopy allowed an unquestionable identification of iron 
(Figure 3-7C). It is clearly visible in Figure 3-7A and B that the iron pigments mainly 
concentrated in the cuticle and that the pigment consisted of nanometre-sized particles that 
have agglomerated into larger structures. However, a minute amount of iron was also found in 
the cortex, which might have arisen from the formation of iron pigments in more central 
regions of the cross section. These were however too small and too scarce to be clearly 
identified and to contribute significantly to the macroscopically observed colour. 
 
Tensile Strength Test 
The bundle strength was determined in order to assess the damage induced in the wool fibres 
during the ship-in-the-bottle synthesis. In general, the ship-in-the-bottle synthesis is proven to 
be a very mild method of dyeing wool fibres since no significant deviations from the value for 
the untreated wool were observed under any treatment (Table 3-3). Increasing the reaction 
time from 30 to 60 min and raising the temperature from 60 °C to 90 °C resulted in lowering 
bundle strength; however, the lowest value observed was only 10% smaller than the value of 
the untreated wool. Increasing the pH from 2 to 5 resulted in higher bundle strength and it was 
observed that the highest value was about 5% of the value of the untreated wool. 
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Table 3-3: Fibre bundle strength test of treated wool fibres by changing parameters. 
Treatment Version pH  t [min] T [°C] 
Bundle Strength 
 [cN/tex] 
untreated 
    
 10.4 ± 0.45 
1a/2b A 5 30:30 60 10.02 ± 0.37 
 
A 5 60:30 60 10.11 ± 0.56 
 
A 5 60:60 60 9.85 ± 0.29 
 
A 5 60:60 90 9.33 ± 0.58 
 
B 5 60:60  60 10.68 ± 0.35 
 
A 2 60:60 60 10.11 ± 0.56 
1b/2b A 5 60:30 60 9.64 ± 0.83 
 
A 5 60:60 60 9.87 ± 0.93 
 
A 5 60:60 90 9.75 ± 0.43 
 
B 5 60:60 60 10.3 ± 0.26 
 
A 2 60:60 60 9.79 ± 0.50 
1c/2b A 5 30:30 60 10.58 ± 0.26 
 
A 5 60:60 60 10 ± 0.48 
 
A 5 60:60 90 9.71 ± 0.90 
 
B 5 60:60 60 10.3 ± 0.42 
 
A 2 60:60 60 10,40 ± 0.45 
1c/2a A 5 30:30 60 9.6 ± 0.39 
 
A 5 60:30 60 10.49 ± 0.68 
 
A 5 60:60 60 9.33 ± 0.87 
 
A 5 60:60 90 9.75 ± 0.28 
 
A 2 60:60 60 9.88 ± 0.38 
 
Washing Fastness 
The washing fastness was excellent for all observed samples and appeared to be unaffected by 
the experimental conditions (Table 3-4). We have previously mentioned the three possible 
mechanisms by which molecules can be trapped inside porous matrices, namely, steric 
constraints, secondary interactions with the walls, and insolubility. Due to the fact that the 
complexes are inherently soluble in water and the assembled structures are considerably 
smaller than the voids inside the wool, the excellent fastness is addressed to secondary 
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interactions with the walls, in particular with wool proteins. This assumption is supported by 
the control experiment using histidine, which is known to coordinate the iron complexes in 
biological structures and occurs in wool with a frequency of approx. 0.9 – 1.6%.[2] The 
excellent fastness and the fact the pigments are formed out of colourless starting materials is 
also the reason for which there are no coloured effluents produced. 
 
Table 3-4: Washing fastness of dyed wool fibres. 
t [min] Version pH 1c/2a 1a/2b 1b/2b 1c/2b 
   cotton wool cotton wool cotton wool cotton wool 
30 A 5 5 5 5 5 - - 5 5 
60 A 5 5 5 5 5 5 5 5 5 
60 A 2 - - 5 5 - - - - 
60 B 5 - - 5 5 4–5 5 4–5 4–5 
 
 
Rubbing Fastness 
In contrast, the rubbing fastness seems to strongly depend on the reagent combinations (Table 
3-5) and seems to increase with the number of OH groups on the hydroxybenzoic acid. 
 
Table 3-5:  Rubbing fastness of treated wool fibres. 
t [min] Version pH T [°C] 
1c/2a 1a/2b 1b/2b 1c/2b 
dry wet dry wet dry wet Dry wet 
30 A 5 60 1–2 1 3 4 4–5 3–4 4–5 4–5 
60 A 5 60 1–2 1 3 3–4 4–5 4–5 4–5 4–5 
60 B 5 60 2–3 2–3 4 4–5 4 4 4–5 4 
60 A 5 90 2–3 2–3 4–5 4–5 4–5 4 4–5 4–5 
60 A 2 60 1 1 3 3 4 3 3–4 4–5 
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The combinations with Fe
2+
 (1c/2a) exhibited significantly lower rubbing fastness than the 
combinations with Fe
3+
 (1a–c/2b). It is although not entirely clear why the combination of 
1c/2a exhibited excellent fastness to washing but low fastness to rubbing. The low rubbing 
fastness is due to the presence of the colour mainly on the cuticle. As it was mentioned, the 
combinations 1a/2a and 1b/2a have been omitted from the investigation since the colours 
leached easily from the fibres. 
 
Light Fastness 
The measured values of light fastness were in the range of 3 to 6 (Table 3-6). In general, the 
light fastness seems to be more affected by the nature of the hydroxybenzoic acid than the 
oxidation state of the metal. 
 
Table 3-6: Light fastness of treated wool. 
Dyeing 
treatment 
Version pH t [min] T [C] 
Light 
fastness 
1c/2a 
A 5 60 60 5 
B 5 60 60 4 
1a/2b A 5 60 60 3–4 
1b/2b A 5 60 60 5–6 
1c/2b 
A 5 60 60 6 
B 5 60 60 4 
A 2 60 60 4 
A 5 30 60 5 
A 5 60 90 3 
A 2 60 90 3 
 
Under similar conditions e. g. version A, pH 5, 60 °C, and 60 min, the light fastness increases 
with increasing number of OH groups on the hydroxylbenzoic acid. However, higher reaction 
temperatures appeared to be detrimental to the light fastness.  
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3.4 Conclusion 
The combination of hydroxybenzoic acids with Fe
2+
 or Fe
3+
 was shown to be an 
environmental friendly substitute for chromium-containing mordant dyes for wool. This 
system relies on the in-situ formation of colour pigments from colourless materials and does 
not therefore produce coloured effluents. The results demonstrate the potential to synthesize 
iron-based (or complexed) dyes in wool with excellent washing and light fastness. In view of 
the growing awareness of energy consumption, another advantage is that the synthesis runs 
under very mild conditions. Due to mild dyeing conditions (e g. 60 °C, pH 5, 60 min), no 
additional damage to the wool fibres was observed. These advantages render the presented 
ship-in-the-bottle concept potentially valuable in particular for exploiting other ligands of 
natural origin to enlarge the variety of obtainable colours. 
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4 In-fibre Preparation of 2,5-Dihydroxy-1,4-Benzoquinone Based 
Pigments in Wool 
4.1 Introduction 
The use of natural dyes has been part of cultural life worldwide. During ancient times, dyed 
textiles were a symbol of status, because they were expensive and therefore were reserved 
only for the wealthiest. Early dye sources included plant, animal and mineral extracts: 
madder, indigo and saffron were the three main ancient dyes used in India since 
approximately 2500 years BC.
[5],[6],[7]
 
With the introduction of synthetic dyes, the use of natural dyes in textile dyeing is almost 
vanished. The main reason of this replacement was the ability of synthetic dyes to exhibit a 
wide range of colours with high reproducibility of the shade, good fastness properties, and 
coming at a low or moderate cost. Approximately 70% of the synthetic dyes used for wool 
dyeing are based on metal complexes (pre-metalates or mordant), which mainly contain 
chromium as the centre atom. Mordant dyes have a very good dyeing performance, migration 
properties and an excellent wet fastness. However, their use has decreased in recent years 
because of their disadvantages in use, such as long periods of dyeing, potential high levels of 
fibre damage and chromium residues. It is therefore necessary to find an environmentally 
friendly substitute for mordant dyes based on green chemistry and to set up a sustainable 
process to produce stable and intensive dyes. In search of an environmentally friendly 
substitute for chromium-containing mordant dyes, the ship-in-the-bottle concept was 
introduced to generate complexes for pigment formation in wool. 
Based on this concept, wool fibres were infiltrated with small soluble molecules which 
subsequently precipitate inside the wool to form larger structures. Due to their size, these 
structures are no longer able to leach from the fibre. To demonstrate this concept, a 
combination of metal salts (Cu
2+
, Fe
3+
 and Zn
2+
) with 2,5-dihydroxy-1,4-benzoquinone 
(DHBQ) was used. 
DHBQ was selected for use in this work because of its low toxicity. Besides, several recent 
investigations have found out that di-anions of DHBQ are capable of bridging metal ions to 
form dimers and coordination polymers.
[84],[85]
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Diammonium salt of DHBQ is soluble and forms an insoluble coloured precipitates with a 
variety of cations. These have been found to be insoluble in water and in common organic 
solvents. DHBQ is a versatile component for the generation of pigments in wool and can 
work not only with metals but also without metal addition for producing coloured particles. 
This study presents a method of preparing complexes to generate pigment formation in wool 
with and without metals. The absorption of the pigment in wool was investigated in relation to 
the achieved colour depths and fastnesses. The application parameters were also optimized 
through the variations of the application parameters such as temperature, reaction time and the 
modification of the reagent in the dyeing process, to set up a sustainable process to produce 
stable and intensive dyes. 
 
4.2 Experimental 
4.2.1 Materials 
The raw Australian wool tops (fibre diameter 23 µm, charger. Nr. 10531) and wool fabric 
(128 g/m
2
) used in this study were obtained from Bremer Woll-Kämmerei AG and testex 
PRÜFTEXTILIEN respectively and they were used as obtained. Ammonia, diethyl ether and 
nickel(II) chloride were from VWR, DHBQ, copper(II) bromide, iron(III) chloride 
hexahydrate and zinc(II) chloride were from Aldrich, zinc(II) acetate was obtained from 
Merck KGaA. 
 
4.2.2 Methods 
Synthesis of Diammonium Salt of DHBQ
[85]
 
A solution of 7.1 g DHBQ (0.05 mmol) and 26.3 mL of a 25 wt-% aqueous ammonia solution 
(0.105 mol) in 50 mL water was stirred over night at room temperature. During that time, a 
red precipitate formed and was collected on a filter, washed with small portions of ether and 
dried at room temperature. 
Yield: 92.0%. 
Analytically calculated:  C = 41.38; H = 5.79; N = 16.09  
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    Experimental:  C = 43.54; H = 3.74; N = 13.97 
Whereby: IR (KBR): ϑ [cm-1] = 3301 (N-H-streching vibration), 1646, 1618 (C=C- 
breathing of aromatic ring). 
 
Complexes of DHBQ 
The complexes were formed by adding an excess of the metal cation in the form of a saturated 
solution to a 0.1 molar solution of the diammonium salt of DHBQ. After several times, the red 
colour of the latter gradually disappeared indicating the progress of the reaction at room 
temperature. The complexes precipitated from the reaction mixture and were collected by 
centrifugation and washed with water, ethanol, and acetone.
[85]
 Individual complexes are 
described as follows: 
Ferric ion- from Ferric chloride, black precipitate, 90% 
Anal. calculated: C: 32.54, H: 2.19,   Experimental: C: 35.24, H: 2.14,  
Whereby: IR (KBR): δ [cm-1] = 3483 (O-H-stretching vibration), 3055 (C-H- breathing 
of aromatic), 1580, 1488 (C=C- aromatic ring chain vibration), 1258 (C-O-
stretching vibration). 
Zinc- ion-from Zinc acetate, purple precipitate, 71% 
Anal. calculated: C: 30.1, H: 2.5   Experimental: C: 30.07, H: 2.54 
Whereby: IR (KBR): δ [cm-1] = 3438 (O-H-stretching vibration), 3055 (C-H- breathing 
of aromatic), 1580, 1488 (C=C- aromatic ring chain vibration), 1258 (C-O-
stretching vibration). 
Copper- ion-from Copper chloride, dark green precipitate, 77% 
Anal. calculated: C: 35.74, H: 1.0   Experimental: C: 36.69, H: 0.379 
Whereby: IR (KBR): δ [cm-1] = 3438 (O-H-stretching vibration), 2912 (C-H- breathing 
of aromatic), 1509, 1482, 1363 (C=C- aromatic ring chain vibration), 1258 (C-
O-stretching vibration). 
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Dyeing 
Dyeing experiments were carried out in the 300 cm
3
 capacity sealed stainless steel dyepots 
housed in an Ahiba Turbomat 1000 dyeing machine. 
 
Polymerisation of Pure DHBQ  
A solution of 14 g DHBQ (100 mmol) in 100 mL water was stirred and heated for 1 h at 
100 °C under reflux. During the stiring, the solution of DHBQ slowly turned dark and a black 
precipitate was formed. The precipitate was collected on a filter, washed with small portions 
of ether and water and dried at room temperature. 
Yield: 92.0 %. 
n=3 
Anal. calculated: C = 54.07; H = 2.72; N = 0  
     Experimental: C = 53.67; H = 2.88; N = 0 
 
In-fibre Polymerisation of Pure DHBQ in Wool and Dyeing of Lanasol Black 
In-fibre Polymerisation of pure DHBQ in wool and the dyeing of Lanasol Black were applied 
in analogy to acid dyeing, which is a one step procedure. It was carried out in an Ahiba 
Turbomat 1000 dyeing machine using sealed 300 mL stainless steel dye pots. 10 g of wool 
were submerged in 300 mL of a pure solution of DHBQ or Lanasol Black in water with 
concentration c at room temperature and subsequently heated up to temperature T at a rate of 
2 °K min
−1
 and kept at that temperature for a given time t. After dyeing, the wool was rinsed 
thoroughly with tap water and allowed to dry in the open air. 
 
O
O
OH
OH
n
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Ship-in-The-Bottle Synthesis in Wool 
The ship-in-the-bottle synthesis of metal containing pigments based on DHBQ was carried 
out in an Ahiba Turbomat 1000 dyeing machine using sealed 300 mL stainless steel dye pots. 
Prior to the reaction, 0.1 M aqueous solutions of DHBQ- salt (reagent 1) and the desired metal 
salt Zn(CH3COO)2, FeCl3 or CuCl2 (reagent 2) were prepared independently. The synthesis is 
a two-step procedure (Figure 4-1). For that, 10 g of wool were submerged in 300 mL of one 
reagent solution (either reagent 1 or 2) at room temperature, heated up to a given temperature 
T at a rate of 2 °C min
−1
 and kept at that temperature for a given time t. Standard conditions 
are T = 60 °C, t = 60 min unless stated otherwise. After cooling, the wool was washed three 
times with 300 mL of water and then dried. Following that, the wool was submerged in 
300 mL of the second reagent and subject to the same reaction conditions as before (T, t). 
After dyeing, the wool was rinsed thoroughly with tap water and allowed to dry in air. 
 
 
Figure 4-1: Ship-in-the-bottle concept of the dyeing process. 
 
 
Tensile Strength Test 
The bundle strength of the wool samples was measured on a ZWICK 1425 according to 
IWTO-32-82 at 20 ± 2 °C and 65 ± 3% relative humidity.
[85]
 
A bundle of several hundreds of parallel fibres, cut to equal length, was drawn from a 
representative sample, inserted in a special clamp with a uniform pre-tension, just sufficient to 
remove any crimp, and then stressed until broken on a strength tester. After breaking, the 
fibres were cut into uniform lengths and weighed. The tenacity was calculated from the ratio 
of breaking force to the linear density of the bundle. Experimental tests showed that the 
coefficient of variation of tenacity never exceeded 3%, the variation was obtained by 10 tests. 
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Felting Test 
The felting test was performed according to the Aachen felt ball test (IWTO 20-04) after 
equilibrating the samples under the standard atmospheric conditions specified in EN ISO 
20139.
[86]
 
 
Fastness Testing 
The fastness to washing, light, and rubbing (wet and dry) was determined according to DIN 
EN ISO 105-CO6 (40_C), ISO BO2:1994 method 3, and DIN 54021, respectively. 
[79],[80],[81]
 
 
Colour Measurement 
The colour shades and the colour differences (∆E) were measured using a Datacolour 
Spectroflash 3850 according to the CIELAB system. Corresponding untreated wool was used 
as reference. Each sample was measured at five different points. The averages were 
determined automatically by the DATA COLOUR system. 
 
Microscopy 
To assess where in the cross section the metal pigments were formed, fibre cross-sections 
were examined with an LEITZ aristoplan optical light microscope and a Tecnai F20 (FEI, 
Oregon, USA) transmission electron microscope. To prepare the samples for light 
microscopy, individual fibres were glued onto a strand using a solution of ethyl cellulose in a 
1:1 mixture of methyl acetate and ethyl acetate. After hardening, the strands were fixed in a 
mechanical microtome and cut into 20 µm thick slices using razor blades. 
To prepare the samples for transmission electron microscopy (TEM), approx. 5 single fibres 
were fixed in parallel in small capsules which were filled with acrylate resin. The resin was 
cured at 45 °C for 24 h. The resulting blocks containing the fibres were cut perpendicularly to 
the long fibre axis into 50–100 nm thick slices using a REICHERT ULTRACUT ultra 
microtome. The slices were left floating on water, then fished and placed onto 200 mesh 
copper grids coated with Formvar
®
 and carbon.  
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4.3 Results and Discussion 
4.3.1 In Fibre Polymerisation of Pure DHBQ 
Besides of its low toxicity, DHBQ was chosen as source in this work because DHBQ has the 
analogy structure like p-benzoquinone which can be polymerized by auto oxidation. 
Literature shows that the Polymerisation of p-benzoquinone resulted in 3 products; 
polyquinone (a), polyhydroquinone (b) and polybenzoquinone (c). Figure 4-2 showed the 
sketches of the three products resulting from Polymerisation of p-benzoquinone.
[87]
 
 
 
 
Figure 4-2: Sketches of the three products resulting from Polymerisation of p-benzoquinone.
[87] 
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In order to evaluate the potential colours and polymer product that can be expected by treating 
wool with the solution of DHBQ, the compound of DHBQ was dissolved in water with a 
concentration of 100 mmol/l at 100 °C for 60 min. 
 
 
 
 
Figure 4-3: Sketch of the product resulting from Polymerisation of DHBQ. 
 
It was observed that the polymerisation of DHBQ gave a black precipitate which was hardly 
soluble and infusible. The composition of polymer formation of DHBQ was shown by CHN-
analysis with n = 3 therefore it is possible that the 2 DHBQ has polymerized as showed in 
Figure 4-3. 
In-fibre Polymerisation of pure DHBQ was applied according to the ship-in-the-bottle 
concept, which is a one step process, by which large molecules are assembled inside a 
confined space. At the same time, they are trapped inside by either steric constraints, 
secondary interactions with the walls or their insolubility. The precursor is brought to the 
inner cavities and then converted into larger molecules by auto oxidation. The product is not 
able to leave the cavities due to its size. Based on this concept, the dye pigments should be 
formed in the inner cavities. 
Various colour of wool can be developed using DHBQ in various concentrations at 90 °C for 
60 min. This resulted in colours ranging from rose, burgundy, brown to black (Figure 4-4). 
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Figure 4-4: Colour shades and the cross-section of the dyed wool fibres with DHBQ in various 
concentrations at 90 °C for 60 min. 
 
The dyed samples were assessed visually for level dyeing. The microscopic analysis of the 
fibre cross section was studied to observe the dye penetration. It is observed that by increasing 
the concentration of DHBQ, the samples showed an increase in the dye penetration and 
uniformity. The photographs of the cross-sectional analysis are shown in Figure 4-4. 
It was also observed that by increasing the concentration of DHBQ, the polymerisation by 
auto oxidation of DHBQ also increases. The effluent colours of solution of DHBQ with a 
concentration of ≤ 25 mmol/L were colourless. It seems that the diffusion rate of solutions 
DHBQ decreased above a concentration of 25 mmol/L and therefore part of compound 
DHBQ which did not diffuse into the wool but polymerized in the solution and formed 
polyquinone, which was not colourless. 
The Data Colour results show that the treated wool at 90°C for 60 min with a concentration of 
25 mmol/L or 50 mmol/L had black shades comparable with those of dyeing with Lanasol 
Black. Lanasol Black is one of the best black reactive dyes (from Huntsmann company) of the 
market and it is of worth to underline that, the wool treated with even a concentration of 25 
mmol/L of DHBQ reaches similar results with dyeing with this dye. Besides producing 
similar black shades as with Lanasol, the effluent colour is almost colourless after using 
DHBQ.   
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Table 4-1: Colourimetric data of untreated and the treated wool at 90 °C for 60 min. 
Concentration  
L* a* b* C* h* ∆E* 
[mmol/l] 
25 15.30 0.22 -0.10 0.24 334.43 71.58 
50 19.41 -0.31 0.52 0.61 120.95 67.41 
Lanasol black 14.24 - 0.13 -0.18 0.36 262.24 72.74 
 
Felting Test 
The mean felt diameter of the dyed samples was measured and compared to an untreated 
sample in order to assess the extent of damage induced in the fibre structure during dyeing. A 
small diameter felt ball indicates good felting properties of the wool and a large diameter felt 
ball indicates otherwise. The felt properties of dyed wool were assessed by applying the 
Aachen felt ball test.
[85]
 Untreated wool was used as reference. The mean felt ball diameter of 
2 balls of the untreated and treated wool with various concentrations of DHBQ at different 
temperatures and reaction times were summarized in Table 4-2. By increasing the 
concentration of DHBQ, a slight change in the felting properties was noticeable. The felting 
property of the treated samples was lower compared to the reference, i.e. the felt diameter of 
the dyed treated wool samples was approx. 4–9% larger than that of the reference (Table 4-2). 
The results show that the increase of the concentration has almost no additional damage to the 
surface (cuticle) of the wool, which was noticed only by a slight change (4-9%) in the felt 
ability of the wool when compared to the untreated fibres. 
The fact that treating wool with an increased concentration shows a trend of an increase of the 
diameter felt indicates the decrease of the felting property. It seems that by increasing the 
concentration, part of the polymer forms on the cuticle and this results in a reduction of the 
felting property. 
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Table 4-2: Feltball diameter of the untreated and the treated wool by changing parameters. 
Treatment 
Conc. T  
[°C] 
t  
[min] 
đ  
[mm] [mmol/L] 
untreated    23 
DHBQ  1 90 60 23 
 3 90 60 24 
 5 90 60 24 
 7 90 60 24 
 10 90 60 24 
 13 90 60 24 
 20 90 60 24 
 25 90 60 24 
 50 90 60 25 
 100 90 60 25 
 20 30 60 23 
 20 60 30 23 
 20 60 60 24 
* đ= Mean felt ball diameter of two balls (Average of 9 measurements) in cm. 
 
Tensile Strength 
Similarly, the tensile strength of the dyed samples was measured and compared to an 
untreated sample. The tensile strength test of the untreated and treated wool with various 
concentrations of DHBQ at different temperatures and reaction times is summarized in Table 
4-3. 
The variation coefficient was found to be less than 8% and the highest deviations from the 
reference sample were approx. ± 5%. Therefore, it can be concluded that none of the applied 
dyeing conditions induced any damage. 
In fibre polymerisation of DHBQ is proven to be a mild method of dyeing wool fibres since 
no significant deviations from the value for the untreated wool was observed under any 
treatment.  
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Table 4-3: Fibre bundle strength test of untreated und treated wool with DHBQ. 
Treatment Conc. T  t Bundle strength * 
  [mmol/L] [°C] [min] [cN/tex] 
untreated       10.40 ± 0.45 
DHBQ  5 30 60 10.83 ± 0.89 
  10     10.65 ± 0.83 
  20     10.48 ± 0.63 
  5 60 30 10.24 ± 0.57 
  20     10.75 ± 0.45 
  5 90 60 10.01 ± 0.49 
  10     10.05 ± 0.57 
  20     10.57 ± 0.66 
  100 90 60 10.28 ± 0.23 
* Values after “±“ are standard deviations of the measurement. 
 
Rubbing, Wash and Light Fastnesses 
As shown in Table 4-4, the evaluation of fastness to washing of the wool samples gives very 
good to excellent grades for all samples and they appeared to be unaffected by the 
experimental conditions (4 to 5). As it has been previously mentioned there are three possible 
mechanisms by which molecules can be trapped inside porous matrices, namely steric 
constraints, secondary interactions with the walls, and insolubility. Due to the fact that 
pigments were formed from solution of DHBQ by autoxidation and the polymer products 
were insoluble in water, the excellent fastness is considered to be due to the steric constraints 
and insolubility. Fastness to dry rubbing of the wool samples was good to excellent in all 
cases, ranging from 4 to 5 in most cases. The fastness to wet rubbing records values of 3–5, 
which are satisfactory; the values of 1–2 are obtained ontreated wool with DHBQ in 
concentrations of 50 mmol/L and 100 mmol/L respectively. 
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Table 4-4: Colour fastness to rubbing and wash for treated wool samples. 
DHBQ-Conc. T  t  Rubbing fastness Wash fastness 
[mmol/l] [°C]  [min] dry wet stain on cotton stain on wool 
1 90 60 5 4–5 5 5 
5   4 3–4 5 5 
7   5 4 5 5 
10   4–5 3–4 4–5 5 
13   4–5 3–4 5 5 
20   4 3 5 5 
25   3–4 2–3 4–5 5 
50   2 1 4–5 5 
100     1 2 4 5 
1 60 60 5 4-5 5 5 
5   5 4-5 5 5 
10   4–5 4 5 5 
15   4–5 4 5 5 
20   4–5 3–4 5 5 
25     4–5 2–3 5 5 
1 60 30 5 5 5 5 
5   5 4–5 5 5 
10   4–5 4 5 5 
15   4–5 4 5 5 
20   4–5 4 5 5 
25     4–5 3 5 5 
1 30 60 5 4–5 5 5 
5   5 4–5 5 5 
10   4–5 4 5 5 
15   4–5 4 5 5 
20   4–5 3 5 5 
25     4–5 3 5 5 
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Although it is not entirely clear why the treated wool with DHBQ of concentration 50 mmol/L 
and 100 mmol/L exhibited generally (for working at 60 and 30 °C) excellent fastness to 
washing but low fastness to wet rubbing, one reason might be that the rest of the polymer 
which built on at the surface of the cuticle has been not properly washed by our procedure of 
washing 3 times only in water. In the industry, the washing process is done by washing the 
fabrics at 98°C by using soap. The requirements of the Woolmark specification for fabrics 
were met, despite the results in the case of DHBQ of concentrations of 50 mmol/L and 
100 mmol/L, respectively. It has to be mentioned that at increasing the concentration of 
DHBQ (≥ 50 mmol/L), the rubbing fastness values decreases. 
 
Light Fastness 
The fastness values of the wool samples to light with increasing the concentration of DHBQ 
for 60 min and at temperature of 90 °C are given in Table 4-5. 
 
Table 4-5: Colour fastness to light for treated wool samples at 90 °C and for 60 min. 
DHBQ-Conc [mmol/L] 1 3 5 7 10 13 20 25 50 100 
Light fastness 2 2-3 3 3 3 3 ≥ 3  ≥ 3  ≥ 3  ≥ 3  
 
The dyed samples exhibited poor to moderate light fastness with most values around 3 on the 
blue scale. Only the sample dyed in 1 mmol/L and 3 mmol/L solution of DHBQ has lower 
grades (2 – 3) presumably due to their lighter colour shades. The fastness to light with values 
≥ 3 (for deep colour shades) fulfils the minimum requirements of the Woolmark specifications 
for wool fabrics. 
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4.3.2 In Fibre Formation of Metal-Containing Pigments Based on DHBQ 
In the previuos chapter, it was mentioned that according to the ship-in-bottle concept, in fibre 
polymerisation of pure DHBQ has resulted in various colours of wool ranging from pink rose, 
burgundy and brown to black. The colour spectrum can be extended because DHBQ can be 
polymerised not only by autoxidation, but also the di-anions of DHBQ are capable of bridging 
metal ions to form dimers and coordination polymers 
[78],[85] 
(Figure 4-5). Besides that, the 
soluble diammonium salt of DHBQ forms insoluble coloured precipitates with a variety of 
cations. Therefore the study of in fibre formation of metal containing pigments based on 
DHBQ according to the ship-in-the-bottle concept was performed. 
 
 
 
 
Figure 4-5: Sketch of the product resulting from Polymerisation of DHBQ. 
 
Fe
3+
 and Zn
2+
 were selected as cations because of their low toxicity and low environmental 
impact. Cu
2+
 was selected as a comparison to other metals. 
In order to evaluate the potential colours that can be expected by treating wool with the 
combination of metal salts and the salt of DHBQ, the metal complexes were synthesised. The 
resulted colour of the precipitates are dark green (Cu
2+
), black (Fe
3+
) and purple (Zn
2+
). All 
complexes showed very low solubility in water. 
In analogy to logwood dyeing, the pigment synthesis of metal salts DHBQ is a two-step 
process, by which large molecules are assembled inside a confined space and are trapped in 
there by either steric constraints, secondary interactions with the walls, or their insolubility. In 
the present case, the synthesis of metal complexes (Table 4-5) was applied to wool dyeing by 
consecutive exposure to firstly aqueous solutions of either DHBQ -salt followed by a solution 
of one of the metal salts (version A) or vice versa (version B). 
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Figure 4-6: Colour shades and the cross section of the dyed wool fibres using a combination of 
metal (Fe
3+
, Cu
2+
, Zn
2+
) with 100 mmol/l solution of DHBQ- salt at 60 °C for 60 min 
with version A and version B. 
 
The combination of DHBQ with three metal salts (Fe
3+
, Cu
2+
, Zn
2+
) using the two opposite 
reaction sequences (version A and B) at 60 °C and reaction time 60 min for each step resulted 
in five different wool colours with various intensities (Table 4-6). 
 
Table 4-6: Colours obtained by dyeing wool according to the ship-in-the-bottle concept at 60 °C 
for 60 min with 100 mmol/L solution of DHBQ and 100 mmol/L solution of metal 
salt
a
. 
Metal salt + solution 1 Version A Version B 
Cu
2+
 dark brown red brown 
Fe
3+
 brown Marron 
Zn
2+
 light brown deep rose 
a
 Version A: First reagent is the solution of DHBQ, second reagent is the solution of metal salt; 
version B: vice versa. 
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In general, the colours obtained in wool differ from those of metal complexes which were 
synthesized during the pre-experiments. In addition, changing the reaction sequence from 
version A (DHBQ first) to version B (DHBQ last) caused significant change in colour shade 
of the dyed samples which is more intense when using version B except for the combination 
of zinc salt with salt of DHBQ. 
The reason for this might be that DHBQ in wool is partly polymerized and partly formed as 
metal complex. As a result the colour shades of metal complexes which were synthesized in 
wool differ from the colour shades of the pure precipitates.  
Microscopic analysis of the fibre cross section was used to evaluate the dye penetration. The 
dyeing with version B demonstrates deeper and better penetrations and uniformity than the 
samples produced by version A. The photographs of the cross-sectional analysis are shown in 
Figure 4-7. The fact that metal salt solution has higher solubility and may diffuse easier than 
salt solution of DHBQ into fibre could explain why version B (metal first) results into a more 
even dyeing.  
In order to indicate the pigment formation in wool, slices of specimen of the dyed fibres were 
evaluated with a transmission electron microscopy TECNAI. Figure 4-7 shows the dark field 
images of the wool dyed with Cu
2+
/ DHBQ according to version B. The Cu complexes were 
formed as pigments in the cuticle (Figure 4-7a) and in the cortex (Figure 4-7b) of the wool. 
The pigments were noticeable as small white particles (5 nm) spread all over the cortex and 
cuticle.  
EDX-analysis allowed the observation of the distribution of the metal (copper) over the cortex 
of the wool. The EDX-results (Figure 4-7c) supported those from Figure 4-7b, showing that 
the Cu complex was mainly formed in the cortex. 
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Figure 4-7: TEM analysis of wool fibres treated with Cu
2+
/DHBQ (version B) with two steps 
dyeing at 60 °C for 60 min. (Nickel signal comes from the nickel grids that was used 
to prepare the samples). 
a. Dark-Field TEM image (50 nm) showing copper complexes located in the region of 
cuticle. 
b. TEM dark images (50 nm) showing copper complexes located in the cortex. 
c. EDX- images of a small part of the copper complexes in the cortex. 
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Figure 4-8: TEM analysis of dyed wool fibres with one step dyeing using a combination of 
Cu
2+
/DHBQ with version A at 60 °C for 60 min. 
a. Dark-Field TEM image (50 nm) showing copper complexes located in the region of 
cuticle. 
b. TEM dark images (50 nm) showing copper complexes located in the cortex. 
c. EDX- images of a small part of the copper complexes in the cortex and cuticle. 
 
 
Figure 4-8 shows the dark images of the wool dyed with Cu
2+
/DHBQ with version A in which 
Cu-complexes formed as pigments in the cuticle (Figure 4-8a) and in the cortex (Figure 4-8b). 
The EDX-result (Figure 4-8c) supports the observation in Figure 4-8b and Figure 4-8a, 
showing that the Cu complexes were formed in the cuticle and cortex, which were represented 
by the significant signal existence of Cu complexes over the cuticle and cortex. 
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Figure 4-9 depicts the dark images of the dyed wool with Fe
3+
/DHBQ by using version B. Fe-
complexes were formed as pigments mostly in the cuticle (Figure 4-9a) and as small particles 
in the cortex (Figure 4-9b) of the wool. 
 
 
Figure 4-9: TEM analysis of dyed wool fibres with two steps dyeing using a combination of 
Fe
3+
/DHBQ with version B at 60 °C for 60 min (Copper signal comes from the copper 
grids that was used to prepare this samples). 
a. Dark-Field TEM image (50 nm) showing iron complexes located in the region of 
cuticle. 
b. TEM -dark images (50 nm) showing iron complexes located in the cortex. 
c. EDX- images of two small parts of the iron complexes in the cortex. 
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Figure 4-10: TEM analysis of dyed wool fibres with two steps dyeing using a combination of 
Zn
2+
/DHBQ with version B at 60 °C for 60 min (Copper signal comes from the copper 
grids that was used to prepare this samples). 
a. Dark-Field TEM image (50 nm) showing zinccomplexes located in the region of 
cuticle. 
b. TEM -dark images (50 nm) showing zinc complexes located in the cortex. 
c. EDX- images of two small parts of the zinc complexes in the cortex. 
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Figure 4-10 shows the dark images of the dyed wool with Zn
2+
/DHBQ by using version B. 
Zinc complexes were found forming pigments in the cuticle (Figure 4-10a) and in the cortex 
(Figure 4-10b) of wool. 
TEM−EDX were used to examine the cuticle and the cortex of the dyed wool. The results 
(Figure 4-10c) support the observation in the dark images of the dyed wool of Zn
2+
/DHBQ 
with version B. They demonstrated that the zinc complexes as pigments were formed in 
cuticle and also over the cortex of the wool. 
The dark TEM-images of dyed wool indicate that the pigment of the metal complex (Fe
3+
, 
Cu
2+
, Zn
2+
) obtained by version B were evenly distributed in the cuticle and in the cortex.  
Only the dark images of copper complexes version A (Figure 4-8) exhibited evenly 
distribution in the cuticle and in the cortex. The metal complexes of iron and zinc with version 
A were not visible under TEM-EDX because the complexes which were formed over the 
cortex were very small particles and also the concentration of these complexes was very low 
(less than 1%). 
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Influence of Reaction Time 
Both dyeing experiments of reaction steps version A and version B were tested at different 
reaction times (30 min and 60 min) at 60 °C. The changes of the colour intensity of the dyed 
wool with reaction times (t = 30 min and t = 60 min) were measured with Data Colour and 
expressed as values of ∆E* (Figure 4-11). The increasing of the reaction time does not result 
in a significant increase of the colour shade, except for Fe
3+
/DHBQ with version A. 
 
 
Figure 4-11: Average of colour differences of treated wool using a combination of metal salts (Fe
3+ 
and Zn
2+
) with DHBQ-salt by changing reaction time with version A (upper) and with 
version B (below). 
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In order to examine the penetration of the dye in wool, cross sections of the dyed wool were 
taken and analysed by the help of an optical light microscope. Cross section of the treated 
wool with 30 min and 60 min reaction times are shown in Figure 4-12. The cross section of 
wool dyed for 60 min (b) showed a more even penetration than the wool dyed for 30 min (a). 
It is observed that by increasing the reaction time, the samples exhibited no visible change in 
colour but a significant increase in colour intensity, dye penetration, and uniformity. 
 
      
Figure 4-12: The cross-section of the dyed wool fibres using a combination of Fe
3+
 with DHBQ-salt 
at 30 °C for 30 min (a) and 60 min (b) with version B. 
 
Influence of Dyeing Temperature 
From the point of view of fibre protection and as an economic aspect, the reduction of the 
dyeing temperature is preferable. Therefore, the synthesis of metal complexes was 
investigated, not only at a temperature of 60 °C but also at a temperature of 30 °C. The colour 
intensity change of the dyed wool at the T = 30 °C and T = 60 °C was measured with Data 
Colour and expressed as ∆E* (Figure 4-13). The colour change of wool dyed at 30 °C and 
60 °C, respectively, are clearly visible. The Data Colour measurements support the already 
visible results. The obtained values of ∆E in Figure 4-13 show that the colour intensity of 
wool increases strongly if the temperature increases. 
 
 
a b 
4-OH Benz  
+ FeCl3 
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Figure 4-13: Average of colour differences of treated wool using a combination of metal salts (Fe
3+
 
and Zn
2+
) with DHBQ-salt by changing dyeing temperature with version A (upper) 
and with version B (below). 
 
The dye penetrationwas also observed by the microscopic analysis of the fibre cross sections. 
The results are shown in Figure 4-14. The images show that the both samples which were 
treated at 30 °C (a) and at 60 °C (b) exhibit even dye penetration indicating that any of the 
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two temperatures lead to good results. Compared to the samples treated at 30 °C, the cross 
sections of the samples treated at 60 °C offered more evenly distributed colour across the 
fibres. A deepening in colour intensity was also observed by increasing the temperature. 
 
 
 
 
 
Figure 4-14: The cross-section of the dyed wool fibres using a combination of Fe
3+
 with DHBQ 
salt for 60 min at 30 °C (a) and at 60 °C (b) with version B. 
 
  
a b 
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Tensile Strength  
The bundle strength was measured in order to assess the damage induced to the wool fibres 
during the ship-in-the-bottle synthesis. 
 
Table 4-7: Fibre bundle strength test of treated wool fibres by changing parameters. 
Treatment Version T1=T2 t1=t2 Bundle Strength * 
  
[°C] [min] [cN/tex] 
untreated 
   
10.40 ± 0.45 
DHBQ 
 
60 60 10.28 ± 0.23 
Cu /DHBQ 
A 
30 30 10.80 ± 0.29 
60 60 10.91 ± 0.32 
B 
30 30 10.38 ± 0.42 
60 60 10.21 ± 0.29 
Zn/DHBQ 
A 
30 30 10.25 ± 0.24 
30 60 10.86 ± 0.28 
60 30 10.10 ± 0.21 
60 60 11.02 ± 0.38 
B 
30 30 10.49 ± 0.36 
30 60 11.02 ± 0.28 
60 30 10.68 ± 0.25 
60 60 10.06 ± 0.32 
Fe/DHBQ 
A 
30 30 10.20 ± 0.49 
30 60 10.73 ± 0.21 
60 30 10.52 ± 0.52 
60 60 9.86 ± 0.55 
B 
30 30 10.60 ± 0.42 
30 60 10.60 ± 0.25 
60 30 10.20 ± 0.35 
60 60 10.34 ± 0.54 
* The values after “±“ are those of the standard deviation of the measurement. 
  
In-fibre Preparation of 2,5-Dihydroxy-1,4-Benzoquinone Based Pigments in Wool 78 
 
The synthesis was proven to be a very mild method of dyeing wool since no significant 
deviation from the values of the untreated wool were observed (Table 4-7). 
The results show that, within the errors of the experiments, any dyeing combination used does 
not produce observable mechanical damaging effect in comparison to the untreated wool 
fibres and treated wool with pure DHBQ (without metal) at 90 °C for 60 min. The largest 
noticeable decrease is about 5% of the value of the untreated wool. 
 
Felting Test  
The untreated wool was used as the reference. The felt ball diameters of the dyed wool using 
a combination of various metal salts such as Cu
2+
, Fe
3+
 and Zn
2+
 with DHBQ at various 
temperatures, reaction time and reaction steps and the corresponding references after the 
felting are given in the Table 4-8. 
A change of felting properties was noticeable in all dyeing combinations. The felting 
properties of the treated samples were less than that of the reference values, i.e. the felt 
diameter of the dyed treated wool samples was approx. 2–17% larger than those of the 
reference (Table 4-8). The felting diameters of the treated wool with iron complexes in 
version A and version B at various temperatures and reaction times were approx. 4% larger 
than that of the reference. Therefore, it can be said that various wool dyes of iron complexes 
have minimal additional damage effect on the surface (cuticle) of the wool. The felt ability of 
the wool being treated with copper and zinc complexes in version B (metal first) were approx. 
4-9% and in version A (DHBQ-salt first) and approx. 9-14% higher than that of untreated 
wool. This indicates that wool in version A suffer more damage of the cuticle compared to 
those treated with version B.  
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Table 4-8: Feltball diameter of the untreated and the treated wool fibres. 
Metal+ DHBQ  Version 
T1=T2 t1 = t2 dx 
[°C] [min] [mm] 
untreated       23 
DHBQ    90 60 25 
Cu 
A 
30 30 25 
60 60 27 
B 
30 30 23 
60 60 24 
Zn 
A 
30 30 25 
60 60 25 
30 60 26 
60 30 26 
B 
30 30 24 
60 60 25 
30 60 25 
60 30 25 
Fe 
A 
30 30 24 
60 60 24 
30 60 24 
60 30 24 
B 
30 30 24 
60 60 24 
30 60 24 
60 30 24 
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Fastness to Rubbing, Washing and Perspiration 
In order to determine how well a dye performs under wearing conditions, we measured the 
colour fastness of the dyed samples. The fastness to rubbing, washing and perspiration of the 
wool dyed using a combination of various metal salts such as Fe
3+
, Cu
2+
, Zn
2+
 with DHBQ at 
various temperatures, reaction times and reaction steps are summarized in Table 4-9. 
 
Table 4-9: The results of dyeing at washing, rubbing and perspiration fastness. 
Metal + 
DHBQ 
Version 
T1=T2 t1 = t2 Rubbing fastness Wash fastness Perspiration fastness 
[°C] [min] dry wet cotton wool cotton Wool 
Cu 
A 
30 30 2 1 5 5 4 4–5 
60 60 2 1 5 5 4–5 4–5 
B 
30 30 4–5 2–3 4–5 5 4–5 5 
60 60 4 2 4–5 5 4–5 5 
Fe 
A 
30 30 4–5 3 5 5 5 5 
60 60 4 3–4 5 4–5 5 5 
30 60 4–5 3 5 5 5 4–5 
60 30 4 3 5 5 5 5 
B 
30 30 4–5 3 4–5 5 4 4–5 
60 60 4 3 4–5 5 4–5 4–5 
30 60 4–5 3 5 5 4–5 4–5 
60 30 4 3 4–5 5 4 4–5 
Zn 
A 
30 30 4–5 3–4 5 5 4–5 5 
60 60 4 3 5 5 4–5 5 
30 60 4–5 3–4 5 5 4–5 4–5 
60 30 4 3 5 5 5 5 
B 
30 30 4–5 3 5 5 4–5 4–5 
60 60 4–5 3–4 5 5 4–5 5 
30 60 4–5 3–4 4–5 5 4–5 5 
60 30 4–5 3–4 5 5 4–5 4–5 
 
In-fibre Preparation of 2,5-Dihydroxy-1,4-Benzoquinone Based Pigments in Wool 81 
 
As shown by Table 4-9, fastness to washing and perspiration were graded very good to 
excellent in all cases (4 to 5). The fact that the formed pigments were trapped inside the fibre 
led to these excellent results in wool. Fastness to dry rubbing of the wool samples were very 
good in all cases, except for copper complex formed via version A. The fastness to wet 
rubbing for almost all the cases was graded around 3-4; however one has to note that the wool 
dyed with formation of the copper complex reached very poor values (grade 1-2). The reason 
for such results with copper complex is yet to be determined, though one may assume that it is 
due to the weaker interaction of the copper pigments with the wool protein. The basic 
commercial requirements for fabrics are met, despite the poor performance of the copper 
complexes. 
 
Light Fastness 
The results of the light fastness of the dyed samples using a combination of various metal 
salts with DHBQ at various temperatures, reaction times, and reaction steps are detailed in 
Table 4-10. 
Table 4-10: The results of dyeing at light fastness. 
Metal Version 
T1=T2 t1=t2 Grade on  
the blue scale [°C] [min] 
Cu 
A 60 60 ≥3 
B 60 60 ≥3 
Zn 
A 
30 30 2–3 
60 30 ≥3 
60 60 ≥3 
B 
30 30 ≥3 
60 60 ≥3 
Fe 
A 
30 30 2–3 
60 30 3 
60 60 3 
B 
30 30 3 
60 30 3 
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It was found that almost all dyes exhibited moderate light fastness properties, where the 
values were mostly ≥ 3 on the blue scale, and only the samples treated for 30 min at 30 °C 
recorded low grades (2–3). This might however, be due to the lighter colour shades. The 
fastness to light with values ≥ 3 fulfils the minimum requirements of the Woolmark 
specifications for wool fabrics. 
The light fastness was moderate although the pigments were formed in the cuticle of the wool. 
Probably the interaction between the amino groups in wool and the carbonyl groups of the 
metal complexes leads to the polarisation of chromophore π-electrons. This makes the 
photonic energy too large to be absorbed, therefore this damaging the chromophore structure. 
 
4.4 Conclusions 
Investigation on DHBQ as ligand for this work has shown that it is possible to use this 
compound on wool for commercial wool dyeing procedures. This system relies on the in-situ 
formation of colour pigments from pure DHBQ and metal containing pigments based on 
DHBQ according to the ship-in-the-bottle concept. The results demonstrate the potential to 
synthesize metal free and metal containing pigments in wool with excellent washing and good 
rub fastness. In view of the growing awareness of energy consumption, another advantage is 
that the synthesis runs under very mild conditions. Due to mild dyeing conditions (e g. 60 °C, 
60 min) no significant damage to the wool fibres was observed. 
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5 Hair Dyeing Technology Using Quinone Based Pigment 
5.1 Introduction 
Hair colour is part of a personal appearance, but the fact is, not every person is satisfied with 
the natural hair colour. Consequently hair dyeing has been practised since immemorial time, 
first with natural dyes, then with synthetic dyes as chemistry was developing. Nowadays, the 
production of hair dyes is a main concern of the cosmetic industry because both women and 
men increasingly take care of their appearance. 
The Egyptians used henna and indigo as dyestuffs to obtain red to black shades.
[9],[10]
 Later, 
the Romans tried to bleach their hair with camomile.
[14]
 During the Middle Age a mixture of 
safran, sulphur, alaun and honey was used to bleach the hair. In this process the melanin 
pigments are destroyed
[15]
 to enable a brightening of the hair. 
Despite the advantages of natural plant extract with regards to its toxicology, there are a 
number of disadvantages, namely: the limited colour selections, difficulties in isolation and 
application of the natural plant extracts. The innovation of synthetic dyes during the century 
exploded as chemistry was understood and developed.
[9],[10],[11],[12],[88]
 
According to the durability of the colour the dyes are classified into three major categories: 
temporary, semi-permanent and the permanent dyes. With a market share of 80% of the total 
hair dyes, the permanent dyes are the most important ones. Therefore, there is a great need for 
an innovation, with which to complement the established hair dyeing chemistry and to 
develop new dyeing methods.
[16]
 
This study examines a new idea of permanent colouration with a simple model reaction by 
following the ship in the bottle concept.
[18]
 According to this concept, the precursors are 
brought into the inner hair cavities and then converted into larger molecules, which are unable 
to escape the inner hair cavities because of their size. Based on this concept, the dye pigments 
are formed in the natural inner cavities and in the additional ones that are built by bleaching. 
To demonstrate this concept, 2,5-dihydroxy-1,4-benzoquinone (DHBQ) was used. DHBQ was 
selected for use in this work because of its low toxicity (hazard symbol: Xn). Besides, several 
recent investigations have found out that di-anions of DHBQ are capable of bridging metal 
ions to form dimers and coordination polymers.
[84],[85]
 Diammonium salt of DHBQ is soluble 
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in water and forms coloured precipitates with a variety of cations. These were shown to be 
insoluble in water and in common organic solvents. 
DHBQ is a versatile component for the generation of pigments in hair and can generate 
pigments not only with metal but oligomers can be formed. This study is to present a method 
of an in situ synthesis of quinone based pigments in hair. The absorption of the pigment in the 
hair was investigated in relation to the achieved colour depths and fastness. The application 
parameters were also optimized through variation of temperature, reaction time and the 
modification of the reagent in the dyeing process, to set up a sustainable process to produce 
stable and intensive dyes. 
 
 
5.2 Experimental 
5.2.1 Materials 
Tresses of Caucasian brown hair were acquired from Kerling International Haarfabrik GmbH, 
Backnang, Germany. 
Ammonia, diethyl ether, nickel(II) chloride and urea were from VWR, DHBQ, chitosan, 
copper(II) bromide, iron(III) chloride hexahydrate and zinc(II) chloride were from Aldrich, 
zinc(II) acetate was obtained from Merck KGaA. 
 
5.2.2 Methods 
Colour Measurement 
The colour achieved on hair and the colour differences (∆E) were measured using a 
Datacolour Spectroflash 3850 according to the CIELAB system. Corresponding bleached hair 
was used as reference. Each sample was measured at five different points. The averages were 
determined automatically by the DATA COLOUR system. 
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Microscopy 
To follow the penetration of the dye through the hair cross sections and to assess where in the 
cross section the pigments were formed, fibre cross-sections were examined with an LEITZ 
Aristoplan optical light microscope and a Transmission Axioplan 2 imaging ZEISS. To 
prepare the samples for light microscopy, individual hairs were glued into a strand using a 
solution of ethyl cellulose in a 1:1 mixture of methyl acetate and ethyl acetate. After 
hardening, the strands were fixed in a mechanical microtome and cut into 20 µm thick slices 
using razor blades. 
 
Scanning Electron Microscopy (SEM) 
The SEM-images were carried out using a scanning electron microscope HITACHI S-3000N 
at an acceleration voltage of 15 kV. To this end the samples were attached to the SEM target 
with doubled-sided adhesive tape and sputtered with gold. 
 
Gloss Measurement 
Measuring device produced by OMT-Germany was used to measure the reflected and 
dispersed light at wavelengths from 380 to 900 nm and angles ranging from 15 to 75°, for 
incident white light (D65) at 45°. The reflected light measured below an angle ranging from 
35 to 55° was taken as specular light. The wavelength considered for the calculations ranged 
from 400 to 650 nm. 
 
Tensile Measurement 
The measurements were performed in dry and wet conditions. The measurement in wet 
conditions were performed, considered to reflect best the changes at the level of intermediate 
filaments The tensile measurements were performed using the Miniature Tensile Tester 
Model 675 (MTT675) and the Fibre Dimensional Analysis Unit Model 765 (FDAS765) of 
Dia-Stron, UK. A minimum of 35 single fibres were tested for each sample at a stretching rate 
of 20 mm/min and a gauge force of 1 gf, as initial condition. Prior to loading in the circular 
cassette, the samples were immersed in distilled water for 120 minutes to allow them wetting. 
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During the measurements the cassettes were also filled with distilled water to ensure the 
100% humidity content during the measurement. The stress-strain curve recorded for each 
fibre allows for calculation of Young‘s modulus, the yield strength, the breaking extension 
and total work, which characterize numerically the fibre mechanics. 
 
Amino Acid Analysis 
Hair samples of around 5-10 mg and 5 mL HCl 6N were introduced in hydrolysis tubes and a 
vacuum atmosphere was created using a water pump. After 24 h hydrolysis at 110 °C, the acid 
is elimated by distilation under vacuum on a water bath (50 °C) and the hydrolysed product is 
washed a few times with distilled water. The dry amino acid mixture is subjected to amino 
acid analysis according to the method of Spackman et al.
[89]
 
 
 
5.2.3 Treatment of Hair 
EE-1: Wash and Dry 
The hair tresses (1 g) was scoured using 1.0 mL of 15% sodium laurylether sulfate (SLES) for 
1 min, followed by rinsing thoroughly with tap water for 1 min and drying freely in open air. 
The procedure was repeated three times.
[90]
 
 
E-1: Bleaching 
The standard procedure implies the treatment of 1 g hair sample with a mixture made up of 
2.5 g bleaching powder (IGORA VARIO PLUS) and 7.5 mL of bleaching lotion (IGORA 
ROYAL 20 vol. 6% H2O2). The mixture was applied on the dry hair using a brush and left to 
react for 30 min at room temperature (RT). The bleached tresses were rinsed thoroughly with 
water and combed. Afterwards the hair was washed and dried as described in EE-1. The 
bleaching was performed 3 times for each strand before being used for dyeing.
[90]
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Dyeing Experiments 
EE-2: Dyeing in the Reaction Solution 
The hair tresses (0.65 g) were immersed in a DHBQ solution with concentration c at 
temperature T and left at T for time t. Every 10 min the solution was stirred evenly. After 
dyeing, the hair was washed and dried as described in EE-1.
[91]
 
 
E-23: Dyeing Process with Chitosan Pre-Treatment 
The hair tresses of about 0.65 g were placed into the chitosan solution of 5 g/L and left for 
30 min at 23 °C. Every 10 min the solution was stirred evenly. After washing and drying as 
described in EE-1, the hair tresses were immersed in a DHBQ solution with 100 mmol/L 
concentration at 23 °C for 30 min. After dyeing, the hair was washed and dried as described 
in EE-1.
[91] 
 
E-24: Dyeing Process with Urea Pre-Treatment 
Analogous to E-23. Instead of chitosan solution, the hair tresses of about 0.65 g were placed 
into the urea solution of 5 g/L and left for 30 min at 23 °C. Every 10 min the solution was 
stirred evenly. After washing and drying as described in EE-1, the hair tresses were immersed 
in a DHBQ solution with 100 mmol/L concentration at 23 °C for 30 min. After dyeing, the 
hair was washed and dried as described in EE-1.
[91]
 
  
Hair Dyeing Technology Using Quinone Based Pigment 88 
 
 
Table 5-1: Dyeing treatment according to EE-2 with various parameters. 
Treatment 
Nr. 
DHBQ-Conc 
[mmol/L] 
t 
[°C] 
t 
[min] 
E-2 100 60 60 
E-3 
  
30 
E-4   15 
E-5 
 
40 60 
E-6 
  
30 
E-7   15 
E-8 
 
23 60 
E-9 
  
30 
E-10   15 
E-11 50 60 60 
E-12 25 
  
E-13 10  
 
E-14 5  
 
E-15 50 40 
 
E-16 25 
  
E-17 10   
E-18 5   
E-19 50 23  
E-20 25 
 
 
E-21 10   
E-22 5   
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5.3 Results and Discussion 
5.3.1 In-situ Polymerisation of Pure DHBQ in Hair 
Besides of its low toxicity (hazard symbol: Xn), DHBQ was chosen as the source in this work 
because, like p-benzoquinone it can polymerize by autooxidation. In the literature is known 
that the Polymerisation of p-benzoquinone results in 3 products (Figure 5-1), namely: 
polyquinone (a), polyhydroquinone (b) and polybenzoquinone (c).
[87] 
 
 
Figure 5-1: Sketches of the three products resulting from Polymerisation of p-benzoquinone.
[87]
 
 
In order to evaluate the potential colours that can be expected by treating hair with a solution 
of DHBQ and which polymer product was formed, DHBQ was dissolved in water with 
concentration of 100 mmol/L at 100 °C for 60 min (Figure 5-2). 
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Figure 5-2: Sketch of the product resulting from Polymerisation of DHBQ. 
 
It was observed that the polymerisation of DHBQ leads to a black precipitate and which is 
hardly soluble and infusible. The composition of polymer formation of DHBQ was showed by 
CHN-analysis with n= 3, therefore it may be possible that DHBQ polymerized as showed in 
Figure 5-2. 
This study examines a new idea of hair dyeing with a simple reaction model which was 
performed before the in-fibre Polymerisation of pure DHBQ. 
The dyeing follows the ship-in-the-bottle concept which is a one step process for generating 
pigment formation in hair. The precursor is brought to the inner cavities and then converted 
into larger molecules by auto oxidation; these are then unable to leave the cavities due to their 
size. According to this concept, the dye pigments form in the inner cavities of the hair and in 
the internal pores of the hair which form during bleaching.
[26] 
Because the polymer is hardly 
soluble, it does not leach out the hair. 
For the dyeing experiments the hair should be first bleached. The bleaching process enables 
the melanin grains to be degraded and through this the inner pores are formed in the cortex. 
The materials for the dyeing experiments were hair tresses that were bleached three times. 
The light microscope images show the cortex of the untreated hair being not uniformly dark. 
The medulla grains are visible. After bleaching, the cortex became discoloured and only some 
small melanin grains are left (Figure 5-3). 
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Figure 5-3: The micrographs of cross section from untreated hair (left) and bleached hair (right). 
 
Dyeing in the Reaction Solution 
The first dyeing experiment which applied on hair strand (E-2) was carried out in 0.1 M of 
DHBQ-solution for 60 min at 60 °C. After this dyeing, the hair strand had a dark brown shade 
(Figure 5-4), which is not fading even after several washings. Figure 5-4 shows the light 
microscopy images of the cross section after treatment with chosen examples. The cross 
sections of bleached hair were virtually colourless and exhibited few black spots in the cortex. 
In contrast to E-2, the cross section of the hair, which has been treated for 60 min at 60 °C, 
was completely dyed showing a good diffusion of the dye into the hair tresses. Based on this 
result, the experiments of colour behaviour were performed with varying the reaction time 
and temperature as operation parameters. 
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Figure 5-4: Cross section from bleached hair (E-1) and hair tresses in the reaction solution of 
0.1 M DHBQ for 60 min at 60 °C (E-2). 
 
Influence of Reaction Time 
Further dyeing experiments were performed at the same temperature and concentration but 
with a shorter reaction time, down from 60 min (E-2), to 30 min (E-3) and 15 min (E-4), 
repectively. Figure 5-5 shows that the treatments with a shortened reaction time give a slight 
difference in the discernible intensity change upon decreasing the reaction time. They show 
significant colour intensity which was noticeable in the optical appearance. 
 
 
Figure 5-5: Hair tresses of bleached hair (E-1) and hair tresses in the reaction solution of 0.1 M 
DHBQ at 60 °C with modified reaction time (E-4, E-3 and E-2).
 
 
 
E-1 
bleached 
E-4 
15 min 
E-3 
30 min 
E-2 
60 min 
E-1 
3x bleached 
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It is noticeable from examining the cross sections that the dyeing for any of the times results 
in a uniform and even penetration up to the fibre center (Figure 5-6). 
 
 
Figure 5-6: Cross section from bleached hair (E-1) and hair tresses in the reaction solution of 
0.1 M DHBQ at 60 °C with modified reaction time (E-4, E-3 and E-2). 
 
The strong change of the colour intensity between the bleached hair and the treated hair with a 
shortened reaction time was measured with Data Colour as values of ∆E*. The colour 
differences are summarized in Table 5-2. 
The measured values confirm that the samples, which were treated with shortened reactions 
times, have reduced colour intensity. A reduction in reaction time results, therefore, in 
reduction of the brown shades. 
 
Table 5-2: Colour difference of the treated hair with shortened reaction time compared to the 
bleached hair. 
Versuch t [min] ∆E*b ∆E*(10)c Opt. appearance 
E-2 60 45.4 44.5 black brown 
E-3 30 42.9 39.9 brown 
E-4 15 39.2 36.8 brownish red 
a 
A reaction solution of 0.27 g DHBQ in 19 mL water for 60 min;
b
 Colour difference from bleached 
hair. A difference of less than two can only be determined by trained eyes;
[92]
 
c
 Colour difference after 
washing ten timesto bleached hair. 
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In order to investigate the fastness to washing of the colour achieved on treated hair with a 
shortened reaction time, the tresses were shampooed 10 times and examined for the colour 
faded by Data Colour measurement. ∆E*(10) shows the colour difference between the treated 
hair after washing ten times and the bleached hair. The results listed in Table 5-2 show that 
only a small decrease of the colour intensity (∆E*(10) is noticeable (about 2-7%). They 
indicate that the dyes have a good resistance to washing and confirm that the pigment is 
firmly crosslinked into the hair. There is a tendency suggesting that longer the reaction time 
is, the stronger the colour molecules adhere to hair. 
 
Influence of temperature 
Beside the experiments with shortened reaction time, a series of dyeing experiments were 
carried out with modified temperature. The results are summarized in Table 5-3. Figure 5-7 
show that E-5 and E-8 give slightly discernible intensity changes upon decreasing the 
temperature. 
 
Table 5-3:  Colour difference of the treated compared to the bleached hair. 
Treatment T [°C] ∆E*b ∆E*(10)c Visual appearance 
E-2 60 45.4 44.5 black brown 
E-5 40 42.8 38.3 reddish brown 
E-8 23 35.7 29.9 brownish red 
a 
A reaction solution of 0.27 g DHBQ in 19 mL water for 60 min;
b
 colour difference from bleached 
hair. A difference of less than two can only be determined by trained eyes;
[92]  c
 Colour difference after 
washing ten times to bleached hair. 
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Figure 5-7: The bleached hair (E-1) and the treated hair in 0.1 M DHBQ-solution for 60 min with 
modified temperature (E-8, E5 and E-2). 
 
The cross-section images in Figure 5-8 show that E-8 has a deep penetration into the cortex 
and a small bright area near from the Medulla. The dye does not have enough time to diffuse 
into the whole cortex, because the diffusion rate of E-8 may be not high enough. For a 
comparison with E-2, the diffusion rate of E-5 and E-8 was decreased as the temperature 
decreased. 
 
 
Figure 5-8: The cross section of the bleached hair (E-1) and the treated hair in 0.1 M DHBQ-
solution for 60 min with modified temperature (E-8, E-5 and E-2). 
 
  
E-1 
bleached 
E-8 
23 °C 
E-5 
40 °C 
E-2 
60 °C 
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Influence of modified concentration 
A series of dyeing experiments with modified concentration, same reaction temperature and 
time were performed. The colour difference after treatment was summarized in Table 5-4. 
Various colour shades of hair can be developed using DHBQ in various concentrations at 
60°C for 60 min. This results in colour ranging from copper brown, bordeaux, brown to black 
brown. 
In order to investigate the fastness of the pigments on treated hair with a reduced 
concentration, the tresses were shampooed 10 times and examined for the amount of colour 
faded by Data Colour measurement. ∆E*(10) shows the colour difference between the treated 
hair after washing ten time and bleached hair. The results listed in Table 5-4 show that only a 
very small decrease of the colour intensity (∆E*(10) is noticeable. This means that only a 
small amount of pigment is washed off of the hair and confirms that the pigment is firmly 
crosslinked with the hair. 
 
Table 5-4:  Colour difference of the treated hair with modified concentration compared to the 
bleached hair. 
Treatment Conc. [M] ∆E* ∆E*(10) Visual appearance 
E-14 0.005 7.4 5.8 blond 
E-13 0.01 22.7 20.1 copper brown 
E-12 0.025 33.8 29.5 bordeaux 
E-11 0.05 44.5 43.4 dark brown 
E-2 0.1 45.4 44.5 brown black 
 
To observe the dye penetration, the hair fibre cross sections were studied by optic 
microscopy, results being shown in Figure 5-9B. Figure 5-9B shows that the uniformity, 
penetration and colour intensity of the treated hair strongly improves if the concentration of 
DHBQ increases. 
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A 
 
 
 
B 
 
Figure 5-9:  The hair tresses (A) and the cross section (B) of treated hair tresses, which were 
treated in 0.1 M DHBQ-solution at = 60 C and for 60 min with modified 
concentration. 
The dye penetration of the treated hair with concentration of 0.025 to 0.1 mol exhibited 
uniform and even penetration all over the cortex (Figure 5-9). In contrast, the cortex of the 
treated hair at concentrations of 0.01 and 0.005 M is relatively colourless. 
 
Dyeing Process with Chitosan Pre-treatment 
Chitosan has amino functional groups, which may bind to the anionic groups of hair during 
the pretreatment and later during the dyeing link further with the anionic groups of the dye. 
This results in a firmly bonded colour in the hair fibre. The treatment with chitosan of wool 
and cotton has been often mentioned in literature;
[94]
 a novelty of this study is the 
investigation of use of chitosan pre-treatment for the hair for improving the dyeing process. 
 
 
 
 
E-14 E-12 E-13 E-11 E-2 
0.025 mol 0.05 mol 0.010 mol 0.1 mol 0.005 mol 
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Table 5-5: Colour difference and gloss value of the treated hair
a
 without (E-8) and with chitosan 
pre-treatment
b
 (E-23), compared to the bleached hair. 
Sample pre-treatment ∆E*c ∆E*(10)d Gloss valuee visual appearance 
E-8 - 35.7 29.9 23.4 dark brownish 
E-23 Chitosan 36.9 31.9 18.1 dark brownish 
a 
A reaction solution of 0.27 g DHBQ in 19 mL water for 60 min; 
b
 A reaction solution of 0.11g 
Chitosan in 19 mL Water for 30 min at 23 °C. 
c
 Colour difference from bleached hair. A difference of 
less than two can only be determined by trained eyes
[92]
; 
d
 Colour difference after washing ten times 
against bleached hair, 
e
 The gloss value ratioed to those of bleached hair. 
 
 
 
 
Figure 5-10: The bleached hair (E-1) and the treated hair in 0.1 M DHBQ-solution for 60 min at 
23 °C (E-8) and at the condition treated with chitosan pre-treatment (E-23). 
 
 
Data of Table 5-5, E-23 show a minimal increase of the colour difference (approximately 3%) 
compared to E-8. With the naked eye, the difference is not apparent (Figure 5-10). There is no 
significant change of fastness to washing. The gloss value of the hair pre-treated with chitosan 
decreases compared to those dyed without chitosan. It showed that the pigment binds already 
strongly to hair without the help of chitosan. 
 
E-1  
bleached 
E-23 
With chitosan 
E-8 
Without chitosan  
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Figure 5-11: The cross section of bleached hair (E-1), the treated hair in 0.1 M DHBQ-solution for 
60 min at 23 °C (E-8) and at the condition treated with chitosan pre-treatment (E-23). 
 
To observe the dye penetration, the optic microscopy images of the hair fibre cross sections 
were studied, as shown in Figure 5-11. The images of E-8 and E-23 show that there is a less 
coloured area around the Medulla and supports clearly that the use of chitosan pre-treatment 
does not lead to a better dye penetration. 
 
Dyeing Process with Urea Pre-treatment 
Assuming that a better swelling of the hair allows a more even diffusion of the dye into fibre 
we investigated the use of urea, a well known and much used sweller for natural fibres. The 
hair strand is first pre-swelled in a urea solution then dyed. The results are shown in Table 
5-6. One notices that E-24 has a minimal increase in the colour difference of about 8% in 
comparison with E-8. 
 
Table 5-6: Colour difference of the treated hair
a
 without (E-8) and with urea pre-treatment
b
 (E-
24), compared to the bleached hair. 
Treatment Pre- treatment ∆E* ∆E*(10) Visual appearance 
E-8 - 35.7 29.9 dark brownish 
E-24 urea 38.7 31.9 maron 
a 
A reaction solution of 0.27 g in 19 mL DHBQ water for 60 min; 
b
 A reaction solution of 0.47 g 
urea in 19 mL water for 30 min at 23 °C. 
c
 Colour difference from bleached hair. A difference of 
less than two can only be determined by trained eyes
[92]
; 
d
 Colour difference after washing ten 
times to bleached hair. 
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This difference is visible with the naked eye (Figure 5-12). The colour difference of the 
treated hair with and without urea pretreatment does not show any significant change after 
shampooing 10 times indicating that the wash fastnesses of the dyeings are good. 
 
 
Figure 5-12: The bleached hair (E-1) and the treated hair in 0.1 M DHBQ-solution for 60 min at 
23 °C (E-8) and at the condition treated with urea pre-treatment (E-24). 
 
 
Investigation of Damage to the Hair 
The damage to the cuticle is an important parameter for hair products. From each sample at 
least 30 single hairs are knotted and examined using a scanning electron microscope (SEM). 
They are then assigned to damage classes (Figure 5-13, Table 5-7) whose average shall be 
calculated according to

a
i a
sdamageclasb
1
, where a and b is the total number of hair knots of 
each damage class. This evaluation of damage is not a standard method. 
E-8 
Without urea 
E-24 
With urea 
E-1 
bleached 
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Characterization of Damage Classes: 
Class 1: very well preserved, no visible damage, the contours of the individual cuticle scales can be clearly seen, The cuticle 
scales lie flat on the surface. 
Class 2: well preserved; the contours of the individual cuticle scales can be clearly seen, the cuticle scales are gently lifted 
due to the weakened structure of the cell membrane complex between the cuticle cells. 
Class 3: preserved; the contours of the individual cuticle scales can be clearly seen, more cuticle scales are lifted due to the 
weakened structure of the cell membrane complex between the cuticle cells. 
Class 4: eroded, a strong erosion of the scales is evident due to etching with acid, the contours of the individual cuticle scales 
are only dimly, or barely visible. 
Class 5: strongly eroded; the cell mambrane complex between the individual cuticle scales is damaged due to chemical 
treatment, the cuticle scales along the hair raise up more than those the damaged class 4.  
Classe 6: very strongly eroded, the cell mambrane complex between the individual cuticle scales is damaged due to chemical 
treatment; the cuticle sheath is broken due to the largely weakened structure of the cuticle. 
 
Figure 5-13: Examples of the six classifications of damage classes according to Dr. K.H. Phan 
(DWI). 
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The SEM-damage class average of all the treated hair is higher than that of untreated and 
bleached hair and they are ranging from 2 to 3 (Table 5-7). The average value of treated hair 
is lower if the treatment temperature of hair increases. This is unexpected and suggests the 
following two processes, a damaging and a stabilizing process. The decrease in temperature 
favors the damaging process and the temperature increase promotes the stabilizing process. 
 
Table 5-7: Mean value of SEM- damage classes. 
Sample 
Fibres in damage class Mean 
Value 1 2 3 4 5 6 
         Untreated 25 11 1 - - - 1.35 
E-1   (Bleached ) 6 19 9 - - - 2.09 
E-8   (23 °C) 2 11 14 3 6 - 3.00 
E-5   (40 °C) 3 12 16 2 4 - 2.71 
E-2   (60 °C) 3 18 8 2 2 - 2.45 
E-24 (23 °C with Urea Pre-treatment) 3 4 24 4 2 3 3.18 
 
The temperature increasing process requires crosslinking. The high temperature is thus 
responsible for the improved crosslinking. The urea pretreatment results in an increase of the 
cuticle damage. The results show that any dyeing treatment used has practically a small 
significant damaging effect to the cuticle when compared to the bleached hair. 
The second damage analysis is determined by the tensile strength. Each sample of at least 50 
hair fibres was examined using a Diastron fibre tester. The fibre was pulled until it is broken. 
The elastic modulus (Young´s Modulus) indicates the elasticity of hair. The Young´s modulus 
analysis of the treated hair in dry conditions shows small differences with almost no 
significance by about 0.2 to 8% compared to bleached reference hair. A lower Young´s 
modulus means in general a softer hair and can be a result of oxidative damage of the cortex 
and / or loss of crystallinity attributed to the intermediate filaments. As the investigation of 
the tensile strength of dry fibre is affected by ionic and hydrogen bonds and this may hide the 
damage of a chemical attack,
[71],[95]
 We performed also the tensile measurements in the wet 
conditions. Figure 5-14A summarizes the influence of temperature on the dry and wet 
measurements. 
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The Young´s modulus of all treated hair in wet conditions is 7-24% higher than that of 
bleached hair (Figure 5-14A) but lower than untreated hair in wet conditions. This result 
suggests that there is an increase in stiffness of the hair by increasing the temperature in wet 
condition compared to bleached hair. Treated hair at 60 °C (E-2) shows the highest value of 
the Young´s modulus in wet comparied with the other treatments. This result confirms the 
SEM study of the cuticle, which showed that increasing temperature to 60°C favours less 
damage. 
The breaking strain (Figure 5-14B) corresponds to the plastic property: the smaller the value 
is, the less plastic is the hair. This property is caused by the shape transformation of fibrile to 
globular protein. The elongation at break in dry and wet condition analysis shows no 
significant changes for treated / dye fibres compared to the bleached hair. 
The break stress shows the toughness of the fibre, higher the value is, greater is the force 
required for the fraction. Analyses of both types of measurements, in dry and in wet, 
respectively, show minimal decrease after treatment compared to bleached fibres (Figure 
5-14C). 
The last important parameter is the post yield gradient (Figure 5-14D) which, when measured 
in wet, is well-related to the amount of disulfide bonds in fibre. The measured values indicate 
also no significant change after treatement. 
In general, the in situ dye synthesis proves to be a mild method of dyeing hair since the values 
of the mechanical tests deviate slightly only from those of the bleached hair. The results show 
that any dyeing combination used has practically no significant damaging effect, when 
compared to the bleached hair. 
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Figure 5-14: Dry and wet (w) tensile properties of treated hairs with various temperatures.  
1,0
1,5
2,0
2,5
3,0
3,5
4,0
4,5
Y
o
u
n
g
 m
o
d
u
lu
s
 [
G
p
a
] 
45,00
50,00
55,00
60,00
65,00
70,00
75,00
B
re
a
k
 s
tr
a
in
 [
%
] 
130,00
150,00
170,00
190,00
210,00
230,00
250,00
B
re
a
k
 s
tr
e
s
s
 [
M
p
a
] 
2,50
3,00
3,50
4,00
4,50
5,00
5,50
6,00
untreated_w Ref_w 23°C_w 40°C_w 60°C_w
P
o
s
ty
ie
ld
 G
ra
d
ie
n
t 
A 
C 
B 
D 
Hair Dyeing Technology Using Quinone Based Pigment 105 
 
The last damage analysis was performed by determining cystine and cysteic acid contents. 
The amount of cysteine and cysteic acid of treated hairs with various temperatures and 
reaction time are compared in Figure 5-15. 
 
 
Figure 5-15: Changes of cystine and cysteic acid of treated hair with various temperatures and 
reaction time. 
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As hair is made of 90-95% protein with 19-20 different amino acis (AA) a change in the 
amino acid composition may also indicate hair damage. This stays especially for the changes 
of the cysteic acid (CySO3H) and cystine (CyS-CyS). During hydrolysis, the pre-existing 
cysteine (Cys) is oxidized to CyS-CyS. Damaged caused by oxidizing agents (such as used 
during a permanent wave or bleaching treatment) are indicated by an increase in CySO3H,
[71]
 
originating from CyS-CyS. CyS-CyS in a protein chain is oxidized into two residues of 
CySO3H. 
Treated hair with DHBQ in all cases caused a significant decrease of cysteic acid compared to 
bleached hair. It showed that any dyeing combination used has no mechanical damage, when 
compared to the bleached hair. 
 
Conclusion 
In situ synthesis of quinone based pigment in hair is a successful operation. This system relies 
on the in-situ formation of colour pigments from pure DHBQ according to the ship in the 
bottle concept. This can be developed as a novel and an environmentally friendly long lasting 
hair colouration because only one pure compound of quinone and no additional pre-treatment 
are needed to achieve a range of colours on hair. The washing fastnesses of treated hair are 
good and the results indicate that the pigment is stable. Due to mild dyeing conditions almost 
no significant mechanical damage to the bleached hair was observed. 
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5.3.2 In-Situ Synthesis of Metal-Containing Pigments in the Hair 
In fibre formation of metal containing pigments based on DHBQ according to the ship-in-the-
bottle concept was evaluated because of the facts that di-anions of DHBQ are capable of 
bridging metal ions to form dimers and coordination polymers
[84],[85]
 and the diammonium salt 
of DHBQ is soluble, forming insoluble coloured precipitates with a variety of cations. 
In order to evaluate the potential colours that can be expected by treating the hair with the 
combination of metal salts and the salt of DHBQ, the metal complexes were synthesized. The 
resulting colour of the precipitates are dark green (Cu
2+
), black (Fe
3+
) and purple (Zn
2+
). All 
complexes show very low solubility in water. 
The pigment synthesis of metallic salts (Fe
3+
, Cu
2+
, Zn
2+
) with DHBQ is a two step process, 
by which large molecules are assembled inside a confined space and are trapped in there by 
either steric constraints, secondary interactions with the walls, or due to insolubility. In the 
present case, this synthesis of metal complexes (Figure 5-16) was applied to hair by 
consecutive exposure to first an aqueous solutions of either DHBQ- salt followed by a 
solution of one of the metal salts (version A) or vice versa (version B). 
 
 
Figure 5-16: Hair tresses of bleached hair (E-1) and hair tresses of treated hair using a combination 
of metal (Cu
2+
, Fe
3+
, Zn
2+
) with DHBQ-salt at 60 °C for 60 min with version A und 
version B. 
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Table 5-8: Colours obtained by dyeing hair according to the ship-in-the-bottle concept.
a, 
 
Metal salt + DHBQ-solution Version A Version B 
Cu
2+
 dark brown dark green 
Fe
3+
 brown black black 
Zn
2+
 dark brown deep rose 
a
 Version A: First reagent is the solution of DHBQ, second reagent is the solution of 
metal salt; version B: vice versa. 
 
The combination of DHBQ with three metal salts (Fe
3+
, Cu
2+
, Zn
2+
) using two opposite 
reaction sequences (version A and B) at 60 °C and reaction time 60 min for each step, results 
in 2 different hair colours (red and brown) with various intensities (Table 5-8). In general, the 
colours obtained in the hair differ from those metal complexes which are synthesized during 
the pre-experiments. In addition, changing the reaction sequence from version A (DHBQ 
first) to version B (DHBQ last) causes changes in colour shades of the dyed samples, which 
only turn out to be more intense using version B except the combination zinc salt with salt of 
DHBQ: The reason for these differences to what is observed in precipitates which are 
produced in the pre-experiments might be that in hair DHBQ has partly polymerized and 
partly precipitated as metal complexes. 
 
Influence of Reaction Time  
Both dyeing experiments of reaction steps version A and version B were performed at the 
same temperature (60 °C) and concentration (0.1mol/l) with different reaction times, namely: 
15 min, 30 min and 60 min, respectively. Figure 5-17 shows that the treatments with a 
shortened reaction time give slight differences in the discernible intensity change upon 
decreasing reaction time. 
The strong change of the colour intensity between the dyed hair in different reaction times 
was measured with Data Colour and given as values of ∆E* (Table 5-9). 
However, increasing the reaction time did not result in a significant increase of the colour 
shade except Fe
3+
/DHBQ with version A, therefore only the results of the change of the 
colour intensity will be shown in the Table 5-9. 
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The treated hair was washed ten times and the change of the colour intensity between the 
dyed hair at different reaction times was measured with data colour and gave values of 
∆E*(10)c (Table 5-9). As shown in Table 5-9, the colour change of treated hair is stable after 
washing ten times at different temperatures. The pigments were water insoluble and 
aggregrated inside the fibre, leading to an excellent wash fastness on hair. 
 
Table 5-9: Colour difference of the treated hair
a
 compared to the bleached hair. 
Treatment Version Time [min] ∆E*b ∆E*(10)c Visual appearance 
E-38 A 60 51.8 51.7 brown black 
E-39 A 30 49.6 47.9 red black 
E-40 A 15 49.8 47.7 red black 
E-65 B 60 52.2 51.2 black 
E-66 B 30 51.4 50.8 red black 
E-67 B 15 51.7 50.7 red black 
a 
A reaction solution of 0.51 g FeCl3·6 H2O in 19 mL water and 0.33 g DHBQ-salt in 19 mL water at 
60 °C 
b
 Colour difference from bleached hair. A difference of less than two can only be determined by 
trained eyes;
[92]
 
c
 Colour difference after washing ten timesto bleached hair. 
 
With shorter reaction times, a difference in the optical appearance couldn’t be obtained 
(Figure 5-17). In order to specify a possible penetration of the dye in the hair, cross sections 
of the dyed hair were taken and analysed by the help of a light-optical microscope. Cross 
section of the treated hair with15 min, 30 min and 60 min reaction time are shown in Figure 
5-17. 
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Figure 5-17: Hair tresses and cross section of bleached hair (E-1) and of treated hairs using a 
combination of metal (Fe
3+
) with DHBQ- salt at 60 °C for 15 min, 30 min and 60 min 
with version A und version B. 
 
This shows that the cross section of hair dyed for 60 min (b) resulted in a more uniform and 
even penetration than the hair dyed for 15 min and 30 min. It was observed that by increasing 
the reaction time, the samples exhibited almost no visible change in colour but showed an 
improved dye uptake which results in a significant increase of dye penetration and uniformity. 
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Influence of Dyeing Temperature 
Besides the experiments with shortened reaction time, there were a number of temperature-
modified dyeing tests to be performed. The results are summarized in Table 5-10. The colour 
differences vary slightly, with the reaction temperature increasing. 
Table 5-10: Colour difference of the treated hair
a
 compared to the bleached hair. 
Treatment Version Temperature [°C] ∆E* ∆E*(10) Visual appearance 
E-38 A 60 51.8 51.7 brown black 
E-41 A 40 50.4 48.5 dark brownish 
E-44 A 23 46.0 44.2 reddish brown 
E-65 B 60 52.2 51.2 black 
E-68 B 40 49.9 49.0 reddish brown 
E-71 B 23 49.9 45.6 reddish brown 
a 
A reaction solution of 0.51 g FeCl3·6 H2O in 19  mL water and 0.33 g DHBQ- salt in 19 mL water 
for 60 min at various temperatures 
b
 Colour difference from bleached hair. A difference of less than 
two can only be determined by trained eyes;
[92]
 
c
 Colour difference after washing ten times to bleached 
hair. 
 
Regarding fibre protection and application possibility, a reduction of the dyeing temperature 
would be preferable. Therefore, the synthesis of metal complexes in combination was carried 
out not only at a temperature of 60 °C but also at temperatures of 23 °C and 40 °C. The results 
are summarized in Table 5-10. 
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Figure 5-18: Macroscopically colour appearance and cross sections of bleached hair (E-1) and the 
treated hair in a combination of metal (Fe
3+
) with DHBQ (1)-salt 0.1 M DHBQ-
solution for 60 min at modified temperature with version A and version B. 
 
The strong colour intensity change of the dyed hair at the different temperatures was 
measured with Data Colour and gave values of ∆E* (Table 5-10 and Figure 5-18). The 
obtained value of ∆E in Figure 5-18 shows that the colour intensity of hair increases slightly if 
the temperature increases. All colours penetrated deeply into the cortex (Figure 5-18), having 
high affinity to the hair fibre is large enough in order to prevent diffusion from the fibres. 
Therefore, after washing with 15% sodium laureth sulfate solution, the colour is still stable. 
Decreasing temperature however, decreases the staining of the cortex. The strongest staining 
is achieved by E-65 by the synthesis route B at 60 °C. 
 
Influence of Chitosan Pre-treatment 
The most important chemical properties of chitosan are attributed to its polyamine character, 
which makes the polymer water-soluble (at acidic pH) and positively charged and confers bio-
adhesive properties. The biological properties of chitosan include biocompatibility, 
biodegradability, non-toxicity and anti-microbial properties. In the case of wool treatments, 
the role of chitosan is to improve the dyeability of wool and to confer shrink-resist properties 
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(Pelletier et al., 1990). In order to improve the dyeability of hair, the influence of chitosan 
pre-treatment in hair was studied. 
In Table 5-11, the colour difference and the gloss value can be combined after the treatment 
by a variety of synthetic routes using chitosan pre-treatment. The colour difference ∆E* with 
chitosan pre-treatment is only about 3% smaller than ∆E* without pre-treatment. This also 
applies to the wash fastness values, which are about 3 to 7% lower. The strand with chitosan 
pre-treatment reaches significantly worse (45%) gloss values than the untreated samples 
without chitosan under the same conditions, particularly in the synthesis route A without pre 
treatment. The hair appears dull. 
 
Table 5-11: Colour difference of the treated hair
a
 compared to the bleached hair.
 
 
Treatment
 a
 
Pre-
treatment
 b
 
Version ∆E*
 c
 ∆E*(10) d 
Gloss 
value
 e
 
Optical 
appearance 
E-44 - A 46.0 44.2 22.9 
reddish 
dark brown 
E-84 Chitosan A 44.8 44.0 12.5 
reddish 
dark brown 
E-71 - B 49.9 45.6 30.2 
reddish 
dark brown 
E-87 Chitosan B 48.1 46.7 28.8 
reddish 
dark brown 
a 
A reaction solution of 0.51 g FeCl3·6 H2O in 19 mL water and 0.33 g DHBQ-salt in 19 mL water for 
60 min at various Temperature 
b
 A reaction solution of 0.11 g Chitosan in 19 mL Water for 30 min at 
23 °C. 
c 
Colour difference from bleached hair. A difference of less than two can only be determined by 
trained eyes;
[92]
 
d
 Colour difference after washing ten times to bleached hair, 
e
 the gloss value ratioed 
to those of bleached hair. 
 
Under the light microscope, the difference between the treatment with or without chitosan is 
not recognizable (Figure 5-19). The penetration of the dye with chitosan treatment is as 
effective as without chitosan pretreatment. 
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Figure 5-19: Macroscopic colour appearance and cross sections of bleached hair (E-1) and the 
treated hair of Iron salt and DHBQ-salt at 23 °C for 60 min without (E-44/Version A 
und E-71/Version B) and with chitosan pre-treatment (E-84/Version A und E-
87/Version B). 
 
Dyeing Process with Urea Pre-Treatment 
The hair strand is first pre-swelled in a urea solution to assist a better penetration of the dye in 
the hair inside, and in order to achieve a deeper colour under mild reaction conditions. In 
Table 5-12, the treated hairs with urea pre-treatment (E-90/version A and E-93/version B) 
have a minimal increase in the colour difference of about 8% in comparison with the treated 
hairs without urea pre-treatment (E-44/version A and E-71/version B). 
 This difference is invisible with the naked eye (Figure 5-20). The colour difference of the 
treated hair with and without urea pre treatment does not show any significant changes after 
shampooing 10 times. It showed that the wash fastness was very good. 
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Table 5-12: Colour difference of the treated hair
a
 without (E-44/Version A und E-71/Version B) 
and with urea pre-treatment
b
 (E-90/Version A und E-93/Version B), compared to the 
bleached hair.
 
 
Treatment Pretreatment Version ∆E* ∆E*(10) visual appearance 
E-44 - A 46.0 44.1 reddish dark brown 
E-90 Urea A 47.8 45.9 reddish dark brown 
E-71 - B 49.9 45.6 reddish dark brown 
E-93 Urea B 51.0 48.3 reddish dark brown 
a 
A reaction solution of 0.51 g FeCl3·6 H2O in 19 mL water and 0.33 g DHBQ-salt in 19 mL water for 
60 min at 60 °C; 
b
 A reaction solution of 0.47 g urea in 19 mL water for 30 min at 23 °C. 
c
 Colour 
difference from bleached hair. A difference of less than two can only be determined by trained eyes;
[92]
 
d
 Colour difference after washing ten timesto bleached hair. 
 
 
Figure 5-20: Macroscopic colour appearance of hair tresses of bleached hair (E-1) and the treated 
hairs of Iron salt and DHBQ-salt at 23 °C for 60 min without (E-44/Version A und E-
71/Version B) and with urea pre-treatment (E-90/Version A und E-93/Version B). 
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Under the light microscope, the difference between the cross sections of the treated hairs with 
chitosan pre-treatment (E-90/version A and E-93/version B) and without chitosan (E-
44/version A and E-71/version B) is not recognizable (Figure 5-20). The penetration of the 
dye with chitosan treatment is as effective as without -pre treatment. 
 
Investigation of the Hair Damage 
The averages of the damage class of synthetic route A at 60 °C for 60 min range from 1.47 to 
2.03. They are better than the bleached hair by about 3 to 30% (Table 5-13). This is due to the 
fact that thisdyeing procedure does not use high temperature, which promotes the cross-
linking. The mean values of the treated hair by synthetic route B are higher than the mean 
values of the treated hair with synthetic route A. They range from 2.27 to 2.71. As explained 
before, the complexes formed by the synthesis route B are in a larger amount than those 
formed by the synthesis route A. It may be therefore presumed that the complex formation 
favors the cuticle damage. 
 
Table 5-13: Mean value of SEM-damage classes after the treatment with metal-containing 
pigments for 60 min at 60 °C 
Treatment Version 
Fibres in damage class Mean 
value 1 2 3 4 5 6 
         untreated hair - 25 11 1 - - - 1.35 
E-1   (bleached hair) - 6 19 9 - - - 2.09 
E-29 (in Cu (II)-solution) A 21 13 2 - - - 1.47 
E-38 (in Fe (III)- solution) A 18 9 4 2 1 2 2.03 
E-47 (in Zn (II)- solution) A 13 16 5 - - - 1.76 
E-55 (in Cu(II)- solution) B 14 12 1 7 3 - 2.27 
E-65 (in Fe (III)- solution) B 9 8 15 1 2 1 2.5 
E-74 (in Zn (II)- solution) B 6 12 7 8 - 2 2.71 
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Table 5-14 shows the mean values of the damage class after the hair tresses were treated at 
23 °C for 60 minutes with urea pre-treatment. The averages of the damage class of version B 
are approximately 28 to 40% better than those of version A at the same conditions. The only 
exception is the reaction in the Zn (II) solution. The average value of version B is worse than 
37% of the average value of version A. 
 
Table 5-14: Mean value of SEM-damage classes after urea pre-treatment and the treatment with 
metal-containing pigments for 60 min at 60 °C.
 
 
Treatment Version 
Fibres in damage class 
Mean value 
1 2 3 4 5 6 
E-89 (in Cu (II)-solution) A - 3 8 16 3 - 3.63 
E-90 (in Fe (III)-Solution) A 1 6 8 12 7 2 3.67 
E-91 (in Zn (II)-Solution) A 12 22 5 1 - - 1.88 
E-92 (in Cu (II)-Solution) B 5 12 11 1 4 - 2.61 
E-93 (in Fe (III)-Solution) B 10 13 10 1 2 - 2.22 
E-94 (in Zn (II)-Solution) B 8 12 8 3 5 - 2.58 
 
The damages were also evaluated by the tensile strength analysis. The Young´s modulus 
analysis of the treated hair in dry conditions does not show a clear tendency with the 
treatment. The bleached hair E-1 serves here as a reference. The investigation of the tensile 
strength of dry fibre could lead to not significant evidence because of ionic and hydrogen 
bonds that are effective and hide the damage of a chemical attack.
[71],[95]
 Therefore the tensile 
measurement were also performed in the wet conditions.  
Figure 5-21 summarizes the influence of temperature and pre-treatment on the dry and wet 
conditions. The Young´s modulus (elasticity) of all treated hair measured in dry and wet 
condition show no significant changes compared to the bleached hair (Figure 5-21A).  
The breaking strain (Figure 5-21B) corresponding to the plastic property of the fibre, which 
is: the larger the value is, more plastic the hair behaves shows also no significant changes 
compared to the bleached hair. 
Hair Dyeing Technology Using Quinone Based Pigment 118 
 
The breaking stress shows the toughness of the fibre; higher the value is greater is the force 
required for the fracturing the fibre. Both analyses in dry and in wet conditions show a 
minimal increase (Figure 5-21C) of the values after dyeing.  
The last important parameter is the post yield gradient (Figure 5-21D). It relates to the number 
of disulfide bonds at breaking. Still no significant changes were observed. 
In general, the in situ dye synthesis proves to be a mild method of dyeing hair since small 
changes of the values of the bleached hair are observed after dyeing process. The results show 
that any dyeing combination used has almost no damaging effect, when compared to the 
bleached hair. 
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Figure 5-21: Dry and wet (w) tensile properties of treated hair with various temperatures and pre-
treatment.  
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Re-Bleaching Treatment 
People who dye their hair tend to do so several times. Every time before they colour hair 
again, the hair is firstly bleached. In this study, this is called re-bleaching treatment. After 
every repeated re-bleaching treatment, the hair is more damaged. To examine this damage, the 
re-bleaching of bleached hair and treated hair was performed. The mean values of damage are 
summarized in Table 5-15. 
 
Mean Value of SEM- Damage Classes 
Table 5-15: Mean value of SEM-damage classes after the treatment with metal-containing 
pigments for 60 min at 60 °C. 
Treatment Version  
Mean Value of SEM- Damage Classes 
No Re- bleaching With Re- bleaching 
         Native hair - 1.35 
 
E-1   (bleached hair) - 2.09 2.58 
E-29 (in Cu2+-solution) A 1.47 4.69 
E-38 (in Fe3+-solution) A 2.03 4.15 
E-47 (Zn2+-solution) A 1.76 3.33 
E-56 (in Cu2+ -solution)) B 2.27 unmeasureable 
E-65 (in Fe3+-solution) B 2.5 3.95 
E-74 (in Zn2+-solution) B 2.71 3.55 
 
The mean damage values of the re-bleaching of the treated hair are higher than those of the 
bleached hair. This result is due to the oxidative bleaching process, which destroys the 
disulfide bonds. The SEM evaluation of the re-bleaching of E-56 was, this way, impossible, 
because the hair fibres turned too brittle. 
The re-bleaching of the fibres of synthesis version A clearly leads to worse damage classes, 
with about 31 to 58% more damage than that of re-bleaching synthesis version B. 
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The Young´s modulus analysis of the treated hair in wet conditions before re-bleaching 
showed no significant changes compared to the bleached hair. After the re-bleaching, the 
Young´s modulus analysis of the treated hair in wet conditions showed also not too much 
variation of the measured values with the dyeing procedure, as compared to the re-bleached 
sample. 
Figure 5-22 summarizes the influence of re-bleaching treatment of the treated hair with 
various metal-containing pigments for 60 min at 60 °C under wet conditions before and after 
re-bleaching. 
The Young´s modulus, elongation at break and break stress measured in wet condition for all 
treated hairs after re-bleaching show no significant changes compared to those of re-bleached 
hair. 
In general the synthesis proves to be a mild method of dyeing hair since a small significant 
deviation from the values of the bleached hair was observed even after re-bleaching treatment. 
The results show that all dyeing combination used has no significant damaging effect on the 
cuticle after re-bleaching treatment, when compared to the bleached hair after re-bleaching 
treatment. 
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Figure 5-22: Wet (w) tensile properties of various metals containing treated hair before and after re-
bleaching treatment.   
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Conclusions 
In situ synthesis of quinone based pigments in hair is a successful operation. This system 
relies on the in-situ formation of colour pigments from pure DHBQ and with metal complexes 
according to the ship in the bottle concept. 
The results show that only in situ formation of colour pigments from pure DHBQ have the 
potential to be developed as a novel and an environmentally friendly long lasting hair 
colouration. No additional pre-treatments are required to achieve range of colours on hair. The 
washing fastness of treated hair was good and the results indicate that the pigment is stable. 
Due to the mild dyeing condition almost no mechanical damage compared to the bleached 
hair was observed. 
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6 In situ Dye Formation by Direct Diazotation of Wool 
6.1 Introduction 
Azo containing dyes have been used in various applications including textile-dyeing, 
materials and advanced organic synthesis.
[5]
 
In 1904 Pauly recognized that amino acids can couple with diazonium salts to form azo 
dyes.
[96],[97]
 The idea behind was to find a colour change for the direct detection of the amino 
acids or proteins. He found that the imidazole group of histidine and the phenyl group of 
tyrosine are capable of turning into azo compounds when coupled with a diazonium salt. 
When the diazonium salt reacts, for example with the imine and the amine group, diazoamino 
compounds form. The reaction of the diazonium salts with wool however, has not been 
studied in great detail. 
The aim of the research is to gain a new insight into the dyeing/colouration of the wool. Since 
the structure of the wool protein is known, the goal is the investigation of the exact dyeing 
mechanisms in wool to attain new results. 
To understand the dyeing mechanisms it is necessary that the amino acids present in wool, to 
be firstly isolated and examined in terms of a selective azo coupling. This brings the 
following questions: 
 Can the protected amino acid react with isolated diazonium salt and achieve different 
colour shades by the reactions? If every amino acid reacting with a diazonium salt 
gives a different colour shade, can a desired colour be achieved in wool by varying the 
experimental conditions? 
 Different substituents at the aromatic rings of the amino acids influence differently the 
reactivity of amino acid expected with azo coupling. This leads to the question of what 
impact has the substituents on the azo coupling of the various amino acids and on the 
obtained colour shade. 
 Is it possible to transfer to wool the results obtained with the isolated amino acids? 
 
In order to answer these questions the diazonium salts must be firstly isolated and 
characterized. Subsequently, these isolated diazonium salts should be coupled with Boc-
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amino acids (tyrosine, phenylalanine and histidine) to form azo dyes, which later on are to be 
isolated and characterized. 
Finally, the wool should be dyed with the isolated diazonium salts in order to be able to 
compare the shades of the isolated azo dyes with those of wool. The amount of the converted 
amino acids is determined by amino acid analysis. This information should compare with the 
results of dyeing experiments of individual amino acids and determine whether there is a 
linear relationship between the colour of the wool and the type and number of converted 
amino acids. 
 
 
6.2 Experimental Part 
6.2.1 Materials 
The raw Australian wool tops (fibre diameter 23 µm, batch Nr. 10531) and wool fabric 
(128 g/m
2
) used in this study were obtained from Bremer Woll-Kämmerei AG and Testex 
PRÜFTEXTILIEN respectively and were used as recieved.  
2-aminonaphthalene-1-sulfonic acid was from Sigma Aldrich, concentrated hydrochloric acid, 
sodium carbonate, sodium acetate and magnesium chloride were from VWR, 4-
aminonaphthalene-1-sulfinic acid, N-Boc-L-tyrosine, concentrated sulphuric acid, sulfanilic 
acid, calcium chloride and urea were from Merck KGaA, sodium nitrite was from Riedel de 
Haen, N-Boc -L-phenylalanine was from Alfa Aesar, N-Boc-L-histidine was from Fluka, 
sodium hydroxide was obtained from KMF. 
 
6.2.2 Synthesis of the Phenyldiazonium Salts 
Diazonapthalin-1-Sulfonic Acid Chloride (A) 
 2-Aminonaphthalene-1-sulfonic acid (11.2 g, 0.05 mol) was dissolved in 16.3 mL of 50% 
(v/v) sulfuric acid solution. The mixture was cooled in an ice water bath and kept at 0 °C. An 
aqueous solution of freshly prepared 2.5 M sodium nitrite (20 mL) was added in portions with 
vigorously stirring so that the internal temperature does not exceed 5 °C. The solution was 
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further stirred for 3-4 minutes to ensure a complete reaction. Potassium iodide-starch paper 
was used to show whether the reaction was completed. The diazonium salt formed during the 
reaction precipitated as flakes. This precipitate was filtered and washed three times with 
water, and dried overnight with calcium chloride in a refrigerator.
[98]
 
 
Characterization 
 
A 
Yield: 10.1 g (86%); IR (KBr) /  [cm-1]: 3082 (C-H str., w), 2289 (N=N str., s), 1615, 
1581(C=C str., s), 1240, 1190 (S=O str., s), 768, 758 (out-of-plane C-H bend., s), 745, 676 
(out-of-plane C-H bend, monosub. Bz, s). 
 
All peaks could be assigned to vibrations of the desired product. The characteristic diazo 
stretching vibration was found at 2289 cm
-1
 in good agreement with the literature.
[101]
 
 
 
Diazonium Chloride from 4-Aminonaphthalene-1-Sulfinic Acid (B)
 
This salt was prepared from 4-aminonaphthalene-1-sulfinic acid (11.2 g, 0.05 mol), 50% (v/v) 
hydrochloric acid (56.25 mL) and 2.5 M sodium nitrite (16.3 mL), following the synthesis 
procedure of A. The produced diazonium salt during the reaction was obtained as light yellow 
precipitate. This precipitate was filtered and washed three times with water, and dried 
overnight with calcium chloride in a refrigerator.
[98]
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Characterization 
 
B 
 
Yield: 3.6 g (31%); IR (KBr) /  [cm-1]: 3077 (C-H str., w), 2277 (N=N str., s), 1624, 
1557(C=C str., s), 1234, 1147 (S=O str., s), 777, 759 (out-of-plane C-H bend., s). 
 
All peaks could be assigned to vibrations of the desired product. The characteristic diazo 
stretching vibration was found at 2277 cm
-1
 in good agreement with the literature.
[101] 
 
4−Sulfonbenzenediazoniumchloride/Diazobenzenesulfonate Chloride (C) 
Concentrated hydrochloric acid (2 mL) in water (3 mL) was placed in a flask. Finely 
powdered sulfanilic acid (2 g, 0.01 mol) was added to a solution of hydrochloric acid (2 mL) 
in water (3 mL) while maintaining at 0 °C in the flask. A solution containing sodium nitrite 
(1 g) and water (1.5 mL) was cooled to 0 °C and then added in portions to the solution of 
sulfanilic acid under vigorous stirring so that the internal temperature does not exceed 5 °C. 
After the addition, potassium iodide-starch paper was used to indicate the presence of free 
nitrous acid in the mixture. The produced diazonium salt during the reaction was obtained as 
white precipitate which was filtered, washed several times with water and dried overnight 
with calcium chloride in a refrigerator.
[96],[97]
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Characterization 
 
C 
Yield: 1.8 g (84%); IR (KBr) /  [cm-1]: 3114 (C-H str., w), 2286 (N=N str., s), 1213, 1034 
(S=O str., s), 834 (out-of-plane C-H bend., s). 
According to the data of IR spectroscopy, the desired product has been formed. 
In the literature, no characterization was performed but the appearance of the product 
corresponds to that described in the literature.
[96],[97]
 
 
6.2.3 Azo Coupling with Boc-Amino Acids as Model 
The azo coupling of N-Boc-amino acids was carried out with the three diazonium salts 
described above. 
 
General method for the Azo coupling of N-Boc-amino acids with Phenyldiazonium Salts 
(A; B, C) 
The N-Boc-amino acid dissolved in 1 molar equivalent of NaOH and was brought to a pH 
value of 13. The mixture was cooled to 0 °C. One equivalent of diazonium salt was added in 
portions under vigorous stirring so that the internal temperature does not exceed 10 °C. After 
initial addition of the diazonium salts, according to the type of reactants/ educts, an orange to 
deep red colour was formed. With further addition it resulted a precipitate, which dissolved 
immediately while the colour of the reaction mixture turned darker. 
After the addition of the diazonium salt was completed, the reaction mixture became dark 
orange to deep red, depending on the reaction. The reaction mixture was stirred and adjusted 
to a neutral pH or to a pH of 9 by addition of sodium carbonate and sodium acetate.The 
reaction mixture was then heated to 60 °C,or was stirred at room temperature and led to 
precipitate by adding sodium chloride or magnesium chloride.
[100]
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Characterisation 
Coupling of N-Boc-L-tyrosine (1) and diazo-2-naphthalin-1-sulfonic acid (A) 
 
 
1A 
Raman/[cm-1]: 3100−3000 (C-H-breathing of aromatic ring), 3000−2500 (aliphatic C-H-
streching vibration), 1600−1500 (C=C- aromatic ring chain vibration), 1429 (streching 
vibration of azo group), 1049 (vibration of the sulfonic acid group), 827 (vibration of the 
tyrosine group). 
According to the data of Raman spectroscopy, the desired product has been formed.  
 
1H−NMR (D2O, 300 MHz): δ [ppm] = 8.98 (d, 1H, H-1), 7.90 (d, 1H, H-4), 7.86 (d, 1H, H-3), 
7.70 (s, 1H, H-8), 7.60 (overlapped, 1H, H-2), 7.50 (overlapped, 1H, H-5), 6.86 (d, 1H, H-7), 
6.66 (d, 1H, H-6), 4.11 and 4.03 (m, 1H, H-10), 3.10 and 2.95 (m, 2H, H-9),1.23 (s, 9H, CH3-
11), 
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Coupling of N-Boc-L-phenylalanine (3) and diazo-2-naphthalin-1-sulfonic acid (A) 
 
 
3A 
Raman Spectroscopy: 
Raman/ [cm-1]: 3100−3000 (C-H-breathing of aromatic ring), 3000−2500 (aliphatic C-H-
streching vibration), 1600−1500 (C=C- aromatic ring chain vibration), 1427 (streching 
vibration of azo group), 827 (mono-substituted aromatic). 
According to the data of Raman spectroscopy, the desired product has formed.  
 
NMR−Spectroscopy: 
The resulting 
1H−NMR spectrum was similar to that of tyrosine-azo-naphthalene-1-sulfonic 
acid (1A). However, there were several products are obtained in parallel. By the help of the 
NMR spectrum, a characterization of the product(s) was not possible, due to the strong 
overlap of the peaks, particularly in the aromatics (6-9 ppm). The NMR could be used for sure 
to indicate that the Boc-group and a para-substituted aromatic are present. 
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Coupling of N-Boc-L-histidine (2) and diazo-2-naphthalin-1-sulfonic acid (A) 
 
Raman Spectroscopy: 
Raman/[cm-1]: 3100−3000 (aliphatic C-H-streching vibration), 1600−1500 ( C=C- aromatic 
ring chain vibration), 1410 (streching vibration of azo group), 1038 (vibration of the sulfonic 
acid group). 
The resulting 
1H−NMR spectrum was similar to that of tyrosine-azo-naphthalene-1-sulfonic 
acid. Based on the 
1H−NMR-Spectrum only the peaks of the Boc-protecting group and a part 
of the histidine scaffold/structure could be clearly to be assigned. 
 
Coupling of N-Boc-L-tyrosine (1) und diazo-4-naphthalin-1- sulfonic acid (B) 
 
 
1B 
 
Raman/[cm-1]: 3100−3000 (aliphatic C-H-streching vibration), 1600−1500 (C=C- aromatic 
ring chain vibration), 1426, 1377 (streching vibration of azo group), 1049 (vibration of the 
sulfonic acid group), 848 (vibration of the tyrosin group). 
Using the data of Raman spectroscopy to the desired product has formed. 
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1H−NMR (DMSO, 300 MHz): δ [ppm] = 8.85-8.82 (d, 1H, H-1), 8.43 (overlapped, 1H, H-5), 
8.16-8.13 (overlapped, 1H, H-3), 7.90 (d, 1H, H-4), 7.71 (s, 1H, H-8), 7.51-7.48 (overlapped, 
1H, H-2), 7,43 (d, 1H, H-7), 7.24 (d, 1H, H-6), 4.06-4.04 (m, 1H, H-10), 3.01 and 2.85 (m, 
2H, H-9), 2.09 (s,OH, 12), 1.32 (s, 9H, CH3-11). 
 
Coupling of boc-histidine (2) und Diazo-4-naphthalin-1- sulfonic acid (B) 
 
 
2B 
Raman Spectroscopy: 
Raman/[cm-1]: 3100−3000 (aliphatic C-H-streching vibration), 1600−1500 ( C=C- aromatic 
ring chain vibration), 1412 (streching vibration of azo group), 1038 (vibration of the sulfonic 
acid group), 942 (mono-substituted aromatic). 
The resulting 
1H−NMR spectrum was similar to that of tyrosine-azo-naphthalene-1-sulfonic 
acid. 
1H−NMR (DMSO, 300 MHz): δ [ppm] = 8.85-8.82 (d, 1H, H-1), 8.43 (, 1H, H-5), 8.16-8.13 
(overlapped, 1H, H-3), 7.90 (d, 1H, H-4), 7.71 (s, 1H, H-8), 7,43 (d, 1H, H-7), 7.24 (d, 1H, H-
6), 4.06-4.04 (m, 1H, H-10), 1.368 (s, 9H, CH3-9), 3.01 and 2.85 (m, 2H, H-9), ), 1.368 (s, 
9H, CH3-9).  
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Coupling of Boc-phenylalanine (3) and Diazo-4-naphthalin-1- sulfonic acid (B) 
 
 
3B 
Raman Spectroscopy: 
Raman/[cm-1]: 3100−3000 (aliphatic C-H-streching vibration), 1600−1500 (C=C- aromatic 
ring chain vibration), 1410.44 (vibration of the sulfonic acid group), 1035.75 (vibration of the 
phenylalanin group). 
The resulting 
1H−NMR spectrum was similar to that of tyrosine-azo-naphthalene-1-sulfonic 
acid. 
1H−NMR (D2O, 300 MHz): δ [ppm] = 8.439 (s, 1H, H-4), 7.90 (d, 1H, H-4), 7.86 (d, 1H, H-
3), 7.50 (overlapped, 1H, H-2), 7.41 (d, 1H, H-7), 7.25 (s, 1H, H-6), 5.75 (s, 1H, H-12), 4.076 
und 4.034 (m, 1H, H-10), 2.49 und 3.45 (d, 2H, H-9), 1.32 (s, 9H, CH3-11). 
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Azo Coupling of N-Boc-Amino Acids with Diazobenzolsulfonic acid (C) 
The azo coupling of N-Boc-L-tyrosine and N-Boc-L-histidine with Diazobenzolsulfonic acid 
(C) was carried out according to the method similar to those described in literature.
[96],[97]
 
N-Boc-L-tyrosine (2.8 g, 0.01 mol) was dissolved in 15.6 mL solution and 31.2 mL of 
saturated sodium acetate solution. The mixture was cooled in an ice-water bath and 
maintained at 0 °C. Under vigorous stirring, 1.9 g of Diazobenzolsulfonic acid (C) was added 
portion wise and the solution immediately turned a deep-red hue. After the addition of the 
diazonium salt C, the solution was further stirred for two hours at 0 °C to ensure a complete 
reaction. There was no dye obtained by salting out. 
For the azo coupling of diazoniumsalt C with N-Boc-L-histidine has been taken by the same 
procedure, but it was presented 1.9 g N-Boc-L-histidine in 33 mL of saturated sodium 
carbonate and 18 mL of saturated sodium acetate solution and then reacted with 1.4 g the 
diazonium salt C. The product could also not be isolated by salting out. 
 
Characterisation 
Coupling of N-Boc-L-histidine (2) with diazo benzene sulfonic acid (C) 
 
2C 
 
1H−NMR (D2O, 300 MHz): δ [ppm] = 8.350 (s, 1 H, H-d), 7.908 (m (overlapped), 2 H,H-b), 
7.908 (m (, 2 H, H-a), 7.854 (m (overlapped), 1 H, H-c), 3.427 (m, 1 H, H-f), 3.401 (m, 1 H, 
H-e), 1.028 (s, 9 H, H-g). 
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NMR measurements of the solutions were carried out because the dyes could not be isolated. 
The integrated intensities were low, only a part of the peaks of histidine-azo-benzene sulfonic 
acid could be clearly to be assigned.  
The NMR spectrum showed clearly that diazo benzen sulfonic (C) only coupled once with the 
amino acid. 
 
6.2.4 Direct Diazozation of the Wool 
General method for Direct Diazotation of Wool with Diazoniumsalts (A and B) 
Aqueous sodium hydroxide solution (NaOH) was put in a flask, cooled to 0 °C in an ice-cold 
bath and a piece of wool fabric was added. After the fabric piece was well soaked with 
aqueous sodium hydroxide solution for reaching pH of 4 to 13 according to the requested 
experiment condition pH, 3 spatula tips of diazonium compounds were added in the solution 
and stirred for t time. Finally, the piece of wool fabric was removed from the reaction solution 
and washed thoroughly with water. The piece of fabric was dried overnight before any amino 
acid analysis test was performed, which should determine the number of reacted amino acids. 
 
Direct Diazotation of Wool with Diazoniumsalts (A) 
Direct diazotation of wool with diazoniumsalt B was performed under various reaction times 
(3 h and 6 h), temperatures (0 °C, 20 °C) and pH-values (5, 9 and 12). The results of the 
amino acid analysis of the direct diazotation are summarized in Table 6-3.  
 
Direct Diazotation of Wool with 4-Diazonaphthalin-1-Sulfonic Acid (B) 
Direct diazotation of wool with diazoniumsalt D was performed under various reaction times 
(3 h and 24 h), temperatures (0 °C, 20 °C) and pH-values (4-5 and 12-13). The results of the 
amino acid analysis of the direct diazotation are summarized in Table 6-3.  
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General Method for Direct Diazotation of Wool with Diazobenzol sulfonic acid (C) 
A saturated sodium carbonate solution was put in a beaker and cooled to 0 °C in an ice-cold 
bath. To this solution, two pieces of wool fabric were added. Under vigorous stirring, a small 
amount of Diazobenzolsulfonic acid (C) was slowly added. After a few minutes the solution 
became yellow and the pieces of wool fabrics became light brown. The first piece of tissue 
was removed and washed with water after half an hour (sample C1); the second piece was 
taken off after two hours and also washed out (Sample C2). 
The above experiment was performed again under similar conditions with only a minor 
change, namely the piece of wool fabric was not dipped in NaCO3-, but in aqueous NaOH 
solution (pH 13). After two hours the piece of tissue (sample C3) was removed and washed. 
The results of the amino acid analysis of the direct diazotation are summarized in Table 6-3. 
 
 
6.2.5 Measurements 
NMR-Measurement 
1H−NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz 
using D2O and DMSO as solvent. 
 
Raman Spectroscopy 
Raman spectra were obtained on a Bruker RFS 100/S FT-Raman Spectrometer, 
Laser:Nd:YAG 1064 m, Raman Laser Power 20 mW, nummer of scans 1000, Spectral 
resolution 4 cm
-1
. 
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Amino Acid Analysis 
Wool samples of around 5-10 mg together with 5 mL HCl 6 N were introduced in hydrolysis 
tubes and a vacuum atmosphere was created using a water pump. After 24 h hydrolysis at 
110 °C, the acid is eliminated by distillation under vacuum and water bath (50 °C) and the 
hydrolysis product is washed a few times with distilled water. The dry amino acid mixture is 
subjected to amino acid analysis after the method of Spackman et al.
[89]  
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6.3 Results and Discussions 
6.3.1 Azo Coupling with Boc-amino acids as Model 
In situ dye formation by direct diazotization of wool in this work was investigated by using 
the diazonium salts of 2-aminonaphthalene-1-sulfinic acid (A), 4-aminonaphthalene-1-sulfinic 
acid (B) and sulfanilic acid (C). Besides their low toxicity, they were chosen for this work 
since they have already been used several times in the literature to react with amino acids
[103]
 
and have a high stability. 
 
 
Figure 6-1: Coupling matrix of the amino acids and azo compounds. 
 
As amino acids, N- Boc-L-tyrosine (1), N- Boc-L-histidine (2) and N- Boc-L-phenylalanine 
(3) were chosen because it is known in the literature,
[96],[103]
 they could react with the 
diazonium compounds and gave colour solutions. Figure 6-1 shows coupling matrix of Boc- 
amino acids with the azo couplings. 
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When the diazonium salt reacts, for example with the imine and the amine group, the 
diazoamino compounds will be formed; therefore the reactive amines will be proctected as 
Boc-carbonate in order to avoid side products. 
The products of the azo coupling of the three Boc- amino acids with diazonium salt A could 
be isolated (Table 6-1). The coupling of Boc-tyrosine (1) and Boc-histidine (2) were very 
similar in shades from deep-red compounds obtained. This corresponds to the results from the 
literature.
[96],[97]
 The coupling product of Boc-phenylalanine 3A had an orange-red colour.  
 
Table 6-1: Products of the azo couplings with Boc-amino acids at pH 13. 
Amino acid 
Diazonium 
salt 
End product 
colour 
Product can be 
isolated 
N- Boc-L-tyrosine (1) A deep red yes 
N- Boc-L-histidine (2) A orange yes 
N- Boc-L-phenylalanine (3) A red yes 
 
The diazonium salts 1A and 3A were investigated by Raman spectroscopy which the 
characteristic azo peak being visible in both Raman spectra. In addition, in the spectrum of 
azo tyrosine was clearly visible the tyrosine group and in that of the azo phenylalanine the 
mono-substituted aromatic ring was the typical peak. 
However, the studies of the three coupling products by 
1
H-NMR showed that in all cases the 
formation of the couplings was not only the desired product, but was also of small amounts of 
side products. 
Due to the great similarities between the two products and the resulting overlap of the peaks 
the evaluation of the spectra was difficult. Only the coupling products of Boc-tyrosine and 
Boc-histidine could be assigned to the peaks. Due to the fact that the desired azo compounds 
appear by NMR to occur only as by-products, I presume that the pH value was too high (pH 
13), so that instead of the azo product, the diazotate has been formed. For each coupling 
reaction, there is a particularly specific pH value, at which the coupling reaction is well 
formed. The low pH should be avoided, because under that condition no coupling was 
observed.
[100] 
This applies to aromatic amines and phenols. The reason is that the 
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concentration of free phenolate and free amine is very low. Considering the alkaline 
environment, the phenol and the aromatic amine can occur azo coupling but with an increased 
concentration of hydroxide ions, diazotate-ion is formed and thus it remains few diazonium 
available for a coupling. 
 
 
Figure 6-2: Formation of diazotate ions in alkaline medium.
[100] 
 
As shown in Figure 6-2, the diazonium ion can be reversible formed from the diazotate ion by 
addition of acids. For the coupling reaction with an amino acid a weak alkaline range would 
be thus the best. In [102] it is shown that in a pH of 9, the amino acids preferred coupled with 
a diazonium salt. 
Another reason for the NMR results could be a low reactivity of the diazoniumsalt of 2-
naphthalene-1-sulfonic acid, where basically only a little of this diazonium salt can react with 
an amino acid for a coupling reaction.
[99]
 According to [99], due to neighboring group effects, 
the formation of 1-naphthol- sulfonic acid could be favored, as shown in the lower Figure 6-3. 
 
 
Figure 6-3: Neighbour group effect.
[99] 
 
The hydrogen atom of the sulfonate group interacts with the nitrogen atom of the diazo group. 
At the same time, a diazonium compound is splited off and a hydroxide ion, which is present 
in the solution, superimposed on the free side of the naphthol ring (Figure 6-4). Another 
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possibility would be that naphthol-1-sulfonic acid is formed by hydrolysis: directly from the 
diazonium salt. 
 
 
 
Figure 6-4: Formation of napthol-1-sulfonic acid.
[99]
 
 
In this reaction, nitrogen evolves. During the azo coupling, gas evolution was observed as 
well as a changing of the pH into the acidic range, showing that this reaction probably 
occurred. 
In addition, the heating after the actual coupling reaction could lead to salting-out which could 
have a negative impact on the desired product. The unreacted diazonium salt could also 
couple with itself. Due to the heat, it is possible that nitrogen evolves from the unreacted 
diazonium salt. The resulting positive charged aromatic ring can attach to a hydroxide ion in 
the solution resulting in naphthol. 
In order to avoid the above mentioned unwanted reactions, the experimental conditions were 
changed so that the coupling was performed at a pH of 9 to 10 and the salting-out of the 
products was not heated. The isolation of azo couplings with all three boc-amino acids 
resulted in significantly brighter products (Table 6-2). 
 
Table 6-2: Products of the azo couplings with boc-amino acids at pH 9. 
Amino acid Diazonium salts End product colour Product can be isolated 
Boc-tyrosine (1) A orange yes 
Boc-histidine (2) A light orange yes 
Boc-phenylalanine (3) A light orange yes 
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A characterization of the samples showed that the desired products still existed as a small 
amount of byproduct. A comparison of the integrated intensity showed, however, that the 
yield of product was higher. Thus, a pH of 9 to 10 actually seems to lead to an increased 
coupling rate. However, these changes in the experimental conditions still led to unclean azo 
compounds. 
The heating of diazonaphthalin-1-sulfonic acid (A) to 80 °C resulted in the decomposition of 
the diazonium-1-naphthol sulphonic acid as white solid and a second unknown product, which 
is responsible for the red colouration of the solution. 
An evaluation of the NMR spectra of the coupling products of diazonaphthalin-1-sulfonic 
acid (A) revealed that the previously unknown by-product is also 1-naphthol sulfonic acid. 1-
Naphthol-sulfonic acid is also a product in the NMR spectra, which was recorded by the 
coupling products at pH 9. Considering the integral intensities, naphthol-1-sulfonic acid is 
always formed as a side product, even if the solution was not heated during the salting out of 
the azo products. 
The question is why are milder reaction conditions still preferred for the formation of 
naphthol-1-sulfonic acid? It is also surprising that the coupling experiments always result in 
an intense orange-red colour, although the main product naphthol-1-sulfonic acid is colourless 
to white (white crystals). It should also be clarified, which product is responsible for the 
formation of the red coloured solution during heating of the diazonium salt to 80 °C. Is this 
product for the colouration of the resulting solids responsible or are the orange-red colours the 
actual colours of the desired azo compounds. 
A conclusion of the coupling results of the experiments with diazonium salt A shows that 
there was a coupling with all the three amino acids according the results of NMR-spectra but 
these products could not be well isolated. The desired coupling products were only available 
as by-products. The main product (napthol-1-sulfonic acid) was formed in the reaction with 
all three amino acids. 
Furthermore, coupling experiments of diazonium salt B with all three amino acids were 
performed. B was selected for these experiments because the sulfonate group of B is in para 
position; therefore the reactivity of diazonium salt B should be higher than of diazonium salt 
A. Thus, the diazonium salt B can react better with an amino acid in a coupling reaction. 
Another reason to use B is that the neighboring group effect can not take place so that the 
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formation of naphthol-sulfonic acid could be avoided. The experiments were carried out in 
similar coupling experiment conditions of diazonium salt A, at a pH of 9 to 10 and the salting-
out was not heated. In order to increase the salting out of the coupling products, instead of 
NaCl, MgCl2 was used. 
The products of the azo coupling of three Boc-amino acids with B could be isolated as shown 
in the Table 6-3. 
Table 6-3: Products of the azo couplings with boc-amino acids at pH 9. 
Amino acid Diazonium salts End product Colour Product can be isolated 
Boc-tyrosine (1) B orange yes 
Boc-histidine (2) B dark red yes 
Boc-phenylalanine (3) B orange yes 
 
The coupling of Boc-tyrosine and Boc-histidine were very similar in the deep-orange shade 
compounds obtained. This corresponds to the results from the literature.
[96],[97]
 The coupling 
product of Boc-phenylalanine 3B has an orange colour. 
The diazonium salts 1B, 2B and 3B were investigated using Raman spectroscopy and the 
characteristic azo peak was visible in the three Raman spectra. In addition, in the spectrum 
from azo tyrosine was clearly visible the tyrosine group, in those of azo histidine was clearly 
visible the histidine group and in that of the azo phenylalanine mono-substituted aromatic ring 
showed the typical peak. 
The spectra of the samples showed that the desired products still existed as byproducts. The 
salting out with MgCl2 seems to lead to a significant isolation of the products but these 
changes of the experimental conditions still lead to unclean azo compounds.  
An evaluation of the NMR spectra of the coupling products of B revealed that the previously 
unknown by-product is 4-naphthol-1-sulfonic acid. 4-naphthol-sulfonic acid is also a product 
in the NMR spectra recorded for the coupling products at pH 9. Considering the integral 
intensities, 4-naphthol-1-sulfonic acid is always formed as an unexpected product, even if B 
was used as compound for these azo coupling reactions. It seems that naphthol-1-sufonic acid 
is formed by hydrolysis; direct from the diazonium salt as diazonium salt B (Figure 6-5). 
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Figure 6-5: Formation of 4-napthol-1-sulfonic acid (B). 
 
A conclusion of the results of the experiments with diazonium B is that it couples with all the 
three amino acids but these products could not be well isolated as it was the case with 
diazonium salt A. The desired coupling products were only available as by-products. The 
main product (napthol-1-sulfonic acid) was formed in the reaction with all three amino acids. 
Furthermore, coupling experiments of diazonium salt C with all three amino acids were 
performed according to Pauly’s description,[96],[97] who was able to isolate the azo compounds 
of amino acids. As diazonium compounds, Pauly used diazonium salt C and diazobenzolarsin 
acid. Pauly's experiments were repeated in the same way, except for the fact that boc-
protected amino groups were used. The coupling of Boc-tyrosine and Boc-histidine with 
diazonium C was obtained, giving, as shown in the literature, a deep-red solution. It has to be 
noted that the colour of both products can not be distinguished from one another. As for 
phenylalanine (with no substituents on the aromatic ring), it can not form azo coupling with 
diazonium salt C. 
This was already observed in the coupling experiments of diazonium salts B. All other 
observations were also (as described in section 6.1) noticed by Pauly. It could not be clarified 
whether tyrosine and histidine had single or double coupling to the diazonium salt. Pauly 
reported poor yields and observed an increased formation of gaseous nitrogen. This could be 
avoided by permanent cooling in ice / cold bath. The products were characterized by NMR. 
The NMR spectra confirm that the desired azo dyes were formed. In addition, the NMR 
spectra from 1C and 2C were clean and free of side products. Several attempts have been 
performed to isolate both products 1C and 2C. 
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The flowing in the hydrochloric acid, according to Pauly with the same amount of water and 
hydrochloric acid did not lead to success. The formation of a brown precipitate at the piston 
edge was observed, but this dissolved after a short time. The precipitate dissolves because the 
Boc-amino acid is kept unprotected in hydrochloric acid environment. Therefore the isolation 
with sulfuric acid was repeated with various concentrations. Still this does not produce the 
desired result. 
Contrary to reports in the literature, it was impossible to isolate the products with any of the 
above methods. The easiest way would be to find a solvent that can dissolve selectively the 
azo dyes and which can be subsequently be recovered by extraction. However, all organic 
solvents fell out as Pauly noted already. 
In conclusion, the coupling products 1C and 2C with the diazonium salt C are single 
compounds, ut they could not be properly isolated. 
During the experiments, it also appears that there is no universal recipe for azo coupling of the 
three amino acids. For example, in Pauly's attempts, the coupling reaction of histidine was 
stimulated by adding saturated sodium carbonate solution, while the tyrosine was activated in 
aqueous sodium hydroxide. This is especially problematic in terms of a selective 
functionalization of wool. 
Due to the different substituents of the aromatic rings, different reactivity of the amino acids 
in relation to the azo coupling is obtained. Tyrosine (with a hydroxyl group on the aromatic 
ring) can be coupled with the diazonium salt of A, B and C, while phenylalanine (with no 
substituent on the aromatic ring) formed no azo coupling with the diazonium salt C. It thus 
plays a major role in the success of an azo coupling, whether an additional substituent on the 
aromatic ring increases the reactivity of the amino acids or not. 
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6.3.2 Direct Diazotation of Wool 
The direct diazotation of wool was applied with three different diazonium salts (A, B and C). 
The experiment conditions were adjusted for forming the azo dyes by coupling. The amino 
acid analyses of direct diazotation of wool with the three diazonium salts under various 
conditions are listed in Table 6-4. 
 
Table 6-4: The results of amino acid analysis of direct diazotated wool with diazonium salts A, B 
and C. 
Sample Nr. 
T 
[°C] 
t [h] pH 
Colour Reacted Amino Acids [%]* 
appearance Tyrosine Histidine Phenyl- alanine 
A1 0 2 12 
 
19 3 4 
A2 0 6 12 
 
28 4 12 
A3 0 2 4 
 
0 0 0 
A4 20 2 4 
 
0 0 0 
B2 20 2 5 
 
0 4 0 
B3 0 3 5 
 
0 25 4 
B10 20 24 9 
 
0 25 0 
B11 0 2 9 
 
0 40 0 
B12 20 2 12 
 
0 19 0 
B13 0 3 12 
 
12 34 0 
B14 20 3 12 
 
13 22 0 
B15 20 24 12 
 
0 61 0 
C1 0 90 11 
 
10 0 5 
C2 0 120 11 
 
15 3 1 
C3 0 120 13 
 
15 0 34 
* Percentage is taken to the respective amino-acid 
 
In order to find out whether the direct diazotation can be taken place according to the industry 
required condition pH= 4−5 and at room temperature, the direct diazotation of wool with 
diazonium salts A and B have also been done in acidic environment and at room temperature. 
The amino acid analysis of the direct diazotation of wool showed clearly that no coupling of 
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diazonium salt A with amino acids of wool occured in reactions taking place in the acidic 
environment and within a temperature range of room temperature (Table 6-4). The amino acid 
tests with diazonium salt B showed that the coupling may take place in the acidic environment 
and for a temperature range equal to or above room temperature. It showed that diazonium 
salt B is more reactive and has less steric effect than diazonium salt A; therefore B could 
better penetrate into the wool and form azo coupling in acidic environment and at room 
temperature.  
The colours that were observed under these conditions are possibly caused by retention of azo 
compounds, which could be developed by coupling of diazonium salts with each other. 
Only the direct diazotation of wool reacted with diazonium salt A at pH 12−13 and 0 °C in an 
aqueous sodium hydroxide solution resulting in a coupling of amino acids, tyrosine and 
phenylalanine with diazonium salts, forming azo dyes in the wool. After a reaction time of 
120 min of wool in an aqueous sodium hydroxide solution with diazonium A, 19% of 
phenylalanine and 4% of tyrosine in the wool sample A1 reacted. 
A direct diazotation of wool with diazonium salt B at pH 12−13 and 0 °C in an aqueous 
sodium hydroxide reacted best with the amino acids tyrosine and histidine, coupled with 
diazonium salts B forming azo dyes. After a reaction time of 180 min of wool in an aqueous 
sodium hydroxide solution with diazonium B, 12% of tyrosine and 34% of histidine in the 
wool sample B13 reacted. 
An azo coupling of diazonium salt B with amino acids of wool at RT and in an acidic medium 
is possible. The wool sample B2 was dipped in an aqueous sodium carbonate solution (to 
reach the pH of 5) for 120 min at 20 °C. It was observed, that 20% of tyrosine, reacted with 
diazonium salt B. The wool samples soaked in the solution at 20 °C for 24 h showed a high 
proportion of amino acids reacted with the diazonium salt B, proportion which increases with 
the pH-value; sample B10 (pH 9) has about 25% histidine reacted, and sample B14 (pH 12) 
exhibits almost 61% histidine reacted with diazonium B. 
The wool samples which were dipped in the solution at 0 °C for 3 h showed a higher 
proportion of amino acids reacted with the diazonium salt B, proportion which increases with 
the pH-value; sample B3 (pH 5) has about 25% histidine and 4% phenylalanine reacted. 
Sample B11 (pH 9) exhibits 40% histidine reacted with diazonium B and sample B14 (pH 12) 
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has almost 34 % histidine, 12% tyrosine reacted. The azo coupling yield increases with the 
reaction time and pH-value. Histidine was mostly diazotised with diazonium salt B. 
In the direct diazotation of wool with diazonium C in sodium carbonate solution at pH 11, a 
lower percentage of diazobenzolsulfonic acid couples with amino acids of the wool. The wool 
(sample C2) was dipped in aqueous sodium carbonate solution for 120 min, it was observed in 
sample C2 that 15% phenylalanine and 1% tyrosine reacted with diazonium salt C. This could 
be due to the fact that soda is not as active as aqueous sodium hydroxide. This assumption is 
also supported by the fact that a high proportion of amino acids of wool in sample C3 (34% 
phenylalanine) reacted with diazonium C in sodium hydroxide at pH 12 −13. 
These results are contrary to the previous results of the azo coupling where single (pure) 
amino acids reacted with diazonium salt C. The results showed that the coupling of Boc-
tyrosine and Boc-histidine with diazonium C in sodium carbonate solution reacted best and 
with phenylalanine had no reaction. 
The wool fibres treated with sodium hydroxide solution are severely damaged and the resulted 
wool fabrics are usually rough. This is in agreement with what literature describes about the 
dyeing of the wool. This leads to the problem that the most favorable conditions for 
developing the colour damage the wool so that further processing is impossible. 
In general, the resulting colours, despite the small number of reacted amino acids are relative 
intense. It is also not known what amount of amino acids reacts industrially. It would be 
interesting to find out the impact of diazonium salts on the aliphatic amino acids of wool. The 
dyeing tests performed so far, showed that even if no aromatic amino acid reacts with 
diazonium salt still a rich colour evolves. A possible explanation is that the diazonium 
compound accumulated in protein. The tests for colour-fastness of the dyed wool are of 
interest in order to find out whether the colour comes by dimerization of the diazonium 
compound or by reaction with the protein of wool. 
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6.4 Conclusions 
Generally, an azo coupling with amino acids is possible, but the formation of the products is 
mainly dependent on pH, the reagents and the reactivity of the diazonium salts.  
Investigations of the in situ dye formation by direct diazotation of wool showed that using a 
small quantity of diazonium salt of A, B or C, respectively, is sufficient enough to couple 
with the amino acids in wool. Despite the small number of reacted amino acids the resulting 
colour shades are relatively intense. A high chemical reactivity seems to be the reason for 
which, regardless of the conditions used in the dyeing tests, the wool dyes. It showed that it 
could be possible to use diazonium salt of 4-naphthalene-1-sulfonic acid (B) as dye on wool 
in a commercial wool dyeing procedure under mild conditions (pH= 5, RT). 
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